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ABSTRACT
Electrode a c tiv ity can be controlled by coating the electrode
surface with aptly designed polymeric redox compounds.

A short

review of the lite r a tu r e concerning chemically modified electrodes
(CME's) is presented.

Although many techniques fo r producing CME's

have been reported, l i t t l e attention has been paid to the role played
by the polymer matrix 1n controlling e le c tro a c tiv ity .

In th is work,

ferrocene functional groups have been incorporated in to a series of
polymers with varying glass tran sitio ns and p o la rity and the
e le c tro a c tiv lty of the ferrocene moieties has been evaluated by
cyclic voltammetry.
General methods are described fo r the synthesis and
characterization of chloromethylated polymers.

The polymers Include:

poly(vinylbenzyl c h lo rid e ), a series of vinylbenzyl chloride - methyl
methacrylate copolymers, a series of vinylbenzyl chloride - 2
-ethoxyethyl methacrylate copolymers, and poly(arylether sulfones)
chloromethylated to varying extents.

Phase tran sfer techniques fo r

immobilizing ferrocene carboxylate are d e ta ile d .

Polymers with

loadings ranging from 1.19 to 2.03 meq ferrocene/g are described.
Hydrophilic poly(ferrocenylmethyl arylether sulfone) can be prepared
by reaction of a trialkylam in e with p a rtia lly derivatized
poly (a ry l ether sulfones) to introduce 2 - 3 3 mole % quaternary
ammonium halide functional groups.
Cyclic voltammetry is used to ascertain the parameters that
a ffe c t the e le c tro a c tiv lty of the ferrocene redox sites both in
coated th in film s and 1n so lution.

A wide range of electrochemical

xv ii

properties can be observed by varying the following parameters: film
thickness, nature of the polymer backbone, extent of functiona liz a tio n , type of solvent, and supporting e le c tro ly te .

The film

resistance is a function of the r ig id ity of the polymer backbone, the
extent of ferrocene loading, and the extent of quaternized functional
groups attached to the support.

The variable resistance is shown to

be a consequence of slow solvent and counterion diffusion through the
polymer m atrix.
The percent of electroactive ferrocene sites re la tiv e to the
support loading (e ffic ie n c y ) is calculated.

The efficie n c y depends

upon at least two facto rs, spacing between redox sites and the extent
of s ite solvation.

The impact of p a rtia l quaternization of the

polymer support is phenomenal; the e ffic ie n c y of
poly(ferrocenylmethyl arylether sulfone) increases from 25% to 65%
upon introduction of 2 mole % quaternary ammonium halides.

x v iii

CHAPTER 1

INTRODUCTION

Recently, the Incorporation of functional residues into
macromolecules have received much attention since th is can lead to
enhancement or modulation of certain properties of the functional
group while at the same time o ffering advantages in the fabrication
of devices.

By th is technique polymers with c a ta ly tic properties,

special ionic adhesives and coatings have been prepared [ 1 ] .

During

the last ten years chemists in a number of laboratories [2 -9 ] have
been interested in using thin film s of electroactive polymers as a
means of modification of the surfaces of conductor and semiconductor
electrodes.

There are many reasons why increasing attention has been

focused on polymer film modification of electrode surfaces.

One of

the main reasons is the ease of preparation and s ta b ility of polymer
film re la tiv e to monolayer chemistry.

Several techniques have been

developed to make electro active polymer film on electrodes; these
include covalent bonding (Involving sllane chemistry), adsorption
(dip coating, spin coating, droplet evaporation), electrochemical
polymerization and/or deposition, and r f plasma polymerization.
B rie f discussions of these techniques can be found in chapter 3.
Polymer film s have several advantages over covalently bonded and
adsorbed monolayers.

The polymer film s are more r ig id , possess a

high electroactive s ite concentration (range from 0.1 to 5 H), which
may Influence the chemical re a c tiv ity of the sites since th e ir
solvent and ionic environments d iffe r from d ilu te homogeneous
1

solution, and o ffe r a wide area for e x p lo ita tio n .
There are many possible applications of chemically modified
electrodes (CME’ s ) .

These include applications in the fie ld of

electro-organic synthesis (e .g . stereospecific reactions) [1 0 ],
electrocatalysis [1 1 ], electrochromic devices [1 2 ], electroanalysis
[1 3 ], photo-electrocatalysis and suppression of photocorrosion [1 4 ],
and bio electro catalytic conversion [1 5 ].

Some of these applications

w ill be described b r ie fly in chapter 3.
The electroactive polymer film s on electrodes, in p rin c ip le , can
be cla ss ified into two main groups - fix e d -s ite redox polymers (or
simply redox polymers) and electroactive ion exchange polymers.

Many

of the polymeric films are c la s s ifie d as redox polymers which contain
the redox species covalently attached to or an integral part of the
polymeric la ttic e [1 6 ].

The dynamic m obility of the redox s ite in

th is type of polymeric film is lim ited by th at of the polymer
chains.

Electroactive ion exchange polymer films are electroinactive

polymeric coatings that become electroactive when metal complexes are
attached to them [1 7 ].

These polymeric film s retain the redox ion

sites prim arily by e le c tro s ta tic means.

Since the ionic functional

groups on the polymeric film s can be e ith e r polycatlonic or
polyanionic, e ith e r anionic or cationic complexes can be incorporated
into the polymer m atrix.
An altern ative approach to classify electroactive polymer films
on the electrodes is based upon the type of ele c tro -a c tiv e moieties
that are Incorporated into the polymer structures.

According to this

c rite rio n most electroactive polymeric film s th at have been
investigated w ill f a ll into three main types - ferrocene polymers,

organic redox polymers and electroactive ion exchange polymers.
Therefore, since our research also involves ferrocene polymers, we
w ill describe ferrocene polymers in more d etail while the la t te r two
types w ill be mentioned very b r ie fly .
Ferrocene polymers are a popular topic fo r redox polymer-coated
electrodes ju s t as they are in monolayer chemistry.

The reasons

behind th e ir popularity include (a) the a v a ila b ility and s ta b ility of
ferrocene compounds, (b) ferrocene is a functional molecule th at
undergoes a fa c ile and reversible one-electron oxidation to
ferricenium cation , (c) the reaction leads to a marked changed in
spectroscopic and e le c tric a l properties and may be effected
chemically, electrochem ically, or photochemically.

Since the

electrochemistry of polymeric film s is complex in nature, i t is wise
to begin with a well defined charge-transfer process to study the
influence of the film m atrix.
A number of ferrocene polymers have been used in the past as
electrode modified surfaces.

These include the simplest ferrocene

homopolymers, poly( vinyl ferrocene) (PVFc) which has been dip coated
[1 8 ], droplet evaporated [1 9 ], spin coated [2 0 ], oxidatively
electrochemically deposited [21] and oxidatively photochemically
deposited [2 2] on P t.

Vinyl ferrocene monomers also can be

polymerized in a radio-frequency discharge tube to form
poly(vinyl ferrocene) d ire c tly on electrode surfaces [2 3 ],

A number

of ferrocene derivatives have been incorporated into the polymer
structures or formed oligomer at the electrode surfaces.

For

example, Itaya and Bard [24] prepared a "monolayer of polymer" with
small coverages of ferrocene sites («* 7 x l(T 10 mol cm"^) from the

4
following reactions:

—o s i ^ ^ N r a ,

SnO,

2

2

derivatlzed Sn09 electrode
C0C1

c
(1 )

( 1- 1)

-f-C B 2 - 0 H - 4 n

(2) CpPeCpCHgOH

t
C-OCHgCpPeCp

l-OCHgCpFeCp
n

However, larger coverages of sim ilar polymer could be achieved by
electrochemical deposition of a preformed poly(hydroxymethyl
ferrocene) methacrylate (2 4).
Wrighton and coworkers [25] formed ferrocene polymer film s on Pt
and Au electrodes by spontaneous oligomerization of s ily l ferrocenes
of the following types:
Si(OEt)
Fe

2

1

Fe

The coverages of electroactive ferrocene centers obtained from
Wrighton's procedure range from near monolayer levels to over 10“

8

mol cm“^.
Two organosilane-based ferrocene polymer film s have also been
prepared by Murray's group.

The f i r s t one involved a Pt/PtO

electrode spin-coated with 4-(m eth yld ich lo ro silyl)b u tyryl chloride in
moist a ir to promote i n i t i a l surface bonding and oligom erization,
followed by the reaction of the derivatized surface with £ ami nophenyl ferrocene [2 6 ],

The overall process is shown in Eq. 1-2

1. Cl2 Si(CH3 )(CH2 ) 3CCl
H.

HgNKfJUpfCCp

where NHR was NHPhCpFcCp.

This procedure can provide to ta l coverages

of electroactive ferrocene sites as high as SxlO- ^ mol cm"^.

The

second synthesis involved droplet evaporation of a series of
copolymers of vinyl ferrocene and

6

-(m ethacrylyl-propyltrim ethoxy-

sila n e ) 5 onto Pt electrodes followed by siloxane cross-linking in
the presence of moist HC1 vapor [2 7 ].

GH2 GHL2 CH2 S1 (°CH3)

5 (x varies from 0.80 to 0.38)

By varying the ra tio of x and y the effects of ferrocene loading
(density) and the degree of cross-linking on CV properties can be
studied.
A number of organic redox polymers have been reported as
electrode coatings.

Host of them have been prepared as performed

polymeric material and then subsequently coated onto the electrode.
Some have been prepared by in s itu polymerization of h yd ro lytically
unstable organosilane monomers, and others by electrochemical ly
in itia te d polym erization.

The redox functional residues that were

incorporated into the polymer structures include quinones [2 8 ],
dopamine [2 9 ], nitrophenyl [3 0 ], azobenzene [3 1 ], viologens [3 2 ],
thionine [3 3 ], pyrrole [3 4 ], pyrazoline [3 5 ], te tra th ia fu lv a le n e [36]
and porphyrin [3 7 ],

Although ele ctroactive organic redox polymer

film s are Important in various applications they are not related to
our research, therefore we w ill not describe them further here.

The

d e ta ils of these redox polymer electrodes can be found in the
references given above, however some of th e ir applications have been
described b r ie fly 1n chapter 3.
Besides polymers which are electroactive because of incorporated
ferrocene or organic redox couples, a number of polyelectrolyte
polymers containing electroactive complex counterions have been used
as film s on electrodes.

The strategy fo r confining ionic redox

species to the po lyelectro lyte polymers at the electrode surface was
f i r s t Introduced by Oyama and Anson [3 8 ].
process

1

s actually an application of

1

This e le c tro s ta tic binding

on exchange principles and is

v e rs a tile by demanding no chemical d e rlv a tiza tio n of the redox
couple.

Since Oyama and Anson [38] have illu s tra te d the use of

e le c tro s ta tic binding of anionic complexes of Fe(CN)g3" and IrC lg 3”
to p o ly(4-vin ylp yrid in e) film coated on carbon electrode, a number of
ele ctroactive p o lyelectro lyte polymer films have been reported.
These include e le c tro s ta tic binding of Fe(CN)g4” in polymerized film s
o f en organosilane [3 9 ], films prepared from

6

[4 0 ], and films of

[PVPy Ru(bpy)2 (H2 0 )2+] [4 1 ], o f Fe(CN)64’ , Ir C l63 - , and Mo(CN)84“

™3
< -gh2 - 7 >x
R

(-cn 2 - c - ) y
0=0
I
0 (CH2 ) ^ i ( 0 CH3

) 3

3

in film s s im ila r to

8

and 9 [4 2 ], of Mo(CN)84" in

N-CH

8

PVfy films [4 3 ], o f PtClg2 - , Fe(CN)64” , Ru(CN)g4 - , Co(CN)63’ ,
Mo(CN)84" , and IrC lg 2" in film s of polymerized 10 [4 4 ],

(™ 3 0 ) f K ™

2

) 3 t N O > - < § < +-(CH2 ) f l ( 0 CH3

) 3

of Ru(bpy)32+ [4 5 ], TTF+ [4 6 ], (CH3 ) 3 NCH2 CH2CpFcCp [4 7 ], Os(bpy)32+
[4 8 ], Ru(NH3 )g3+ and Co(NH3 )g3+ in films of 11 [4 9 ], of methyl
viologen, Ru(NH3 )g3+, Cr(bpy)32+ in film s prepared from 7 [5 0 ], and
of Ru(NH3) 63+, CpFeCpCH2 N(CH3) 3 , and 0s(bpy)32+ in film s of
12 [5 1 ],

Although ele ctroactive

(CF2 - CF2 ) 7 9 - ( cF2 -CF)2i

[(CF 2 -CF2 )m-CF-CF2] n
0

0

I
c f9
1

I
(c f 2

2

CFCFq
I

) 3

COO"

6

0

I
CF2 CF2 S03

12

I I (Nafion)

ion exchange polymers are important and have been put to a great
variety of uses we w ill not describe them fu rther here since they are
not related to our research.

However, the d e tails of th is topic can

be found in the references given above.
There are a variety of techniques that have been used to study
th in films of electroactive redox polymer coatings.
lis te d in chapter 3.

However, cyclic voltammetry (CV) seems to be

one of the most popular tools
coatings.

Most of them are

1

n studying the polymeric film

This is probably due to the ease of experimental setup

combining with variety of useful Information 1t can provide.

In the

study of ferrocene polymers by cyclic voltammetry a ll exhibited
electrochemical surface waves are understandable in terms of
ferrocene/ferricenium redox reaction.

However, a considerable

variatio n of CV waveshapes was observed, depending upon many factors
such as polymer stru ctu re, solvent, supporting e le c tro ly te and
temperature.

For example, Murray and his coworkers [52] demonstrated

th at a polymer film of ami nophenyl ferrocene coupled to spin-coated en
silane 13 on Pt exhibited considerable d iv e rs ity of CV

(CH3 0 ) 3 Si(CH2 ) 3 NH(CH2 ) 2 NH2
13

wave shapes depending upon the solvents used as shown in Fig. 1-1.

E vi. NtSCE

Fig. 1-1

Cyclic voltammetry of aminophenylfeixocene coupled to
spin-coated en silane on Pt, in (A) O.lF Et^NClO^AN,
2 mV/s, 1.5x10"7 mol cm"2 ; (b) 0.2F LiClO^/HgO, 2 mV/s,
1.5xl0"8 mol cm" 2 1 (c) O.lF H g S O ^ O ,
3.0xlO"8 mol cm"2 .

1 mV/s,

By comparing the three reaction conditions used in F ig. 1-1 A, B and
C we w ill see that the sharp peak depends upon e ith e r the solvent or
the e le c tro ly te .
In some cases, the CV of a th in film exhibits m ultiple peaks
especially when the experiment is performed at slow scan rates in low
p o la rity solvents.

For example a CV of 8xl0 "

8

mol cm"

8

of

poly( vinyl ferrocene)(MW 50,000) on Pt in tetraethylammonium-j>toluenesulfonate in a c e to n itrile at scan rate 2-10 mV/s exhibited
m ultiple peaks (F ig . 1-2) but the fin e structure gradually disappears
at fa ste r scan rates, where charge tra n s fe r kinetics become important
(as illu s tra te d in F ig. 1-2D).

This m ultiple peak phenomenon

required m ultiple forms of ferrocene or electrochemically
nonequivalent redox sites which may in terco n vert.

Peerce and Bard

(53) explained th is in terms of the "square scheme" (s ta rtin g from
the ferricenium state) shown below.

where Apc+, A'pc+, A"pc+ are d iffe re n t kinds of ferricenium states in
the polymer and bFc * b ' fc and B"pc are d iffe re n t kinds of ferrocene
s ite s .

The scheme was d ig ita lly simulated and the theoretical

cyclic voltammogram thus generated f i t s

reasonably well to

experiment over a range of potential sweep rate s.

n

5<uA

o- ■

O'

O.l^mA

0

0.5
0.7
E.V vi. Ag

0.9

0.3
0

1.0 mA

0.9

Pig. 1 -2

i

0.5
E.V vi. Ag.

i i.

Cyclic voltammetry of 8x10

0.1

—8

—2
mol cm

poly(vinylferTocene) (molecular weight 5 0 |000) on
Pt in TEAPTS. (A)-(D) potential scan rates 2, 10,
200, 10,000 mV/s.

The objective of th is research was to synthesize four d iffe re n t
types of soluble, lin e a r chloromethylated polymers.

They are

poly(vinlybenzyl c h lo rid e ), a series of poly(vinylbenzyl chloride)
methyl methacrylate copolymers, a series of poly(vinylbenzyl
chloride)

2

-etho*yethyl methacrylate copolymers and chloromethylated

polysulfones with d iffe re n t loadings of chloromethyl groups.

These

polymers were then coupled with an electroactive redox species,
cesium ferrocenecarboxylate.

The structures and compositions of each

polymeric adduct were analyzed by standard physical methods (e .g . IR,
NMR, viscosity measurement) and elemental analysis.

The

electrochemical properties of these electroactive redox polymers both
in coated th in film s on Pt electrode and in soluble forms were
investigated in suitable solvent systems by cyclic voltammetry.

The

effects of changing the parameters such as the solvents,
e le c tro ly te s , the polymer structures and compositions
way were ascertained.

1

n a controlled

The ferrocene polysulfones containing residual

chloromethyl substituents were quaternized with t r 1 alkylamines to
produce polymer-bound e le ctro lyte s as well as produce more polar
environments fo r ferrocene substituents.

A study of the re la tiv e

re a c tiv ity of the quaternized polymeric derivatives was completed.

CHAPTER 2
EXPERIMENTAL TECHNIQUES
2.1

P u rificatio n and Handling of M aterials Used in Polymer Syntheses
and Modifications.
A.

Monomers and Radical In it ia t o r
( i ) Vinyl benzyl chloride (VBC).

VBC was used in the syntheses of homopolymer, copolymers and a
model compound.

I t was supplied by Dow Chemical Company (Midland,

Michigan) or by Monomer-Polymer & Daiac Laboratories, In c.

The

monomer is a mixture of the meta (~60%) and para (~40%) isomers of
vinylbenzyl chloride.

VBC usually contains_t-butyl catechol (TBC)

(as a free radical polymerization in h ib ito r) and nitromethane (as the
F ried el-C rafts reaction in h ib ito r ).

To purify th is monomer, VBC was

extracted with 0.5 percent sodium hydroxide [54] (to remove TBC and
nitromethane) u n til a colorless extract was obtained.

The extract

was washed twice with water and dried over anhydrous sodium sulfate
in the presence of a small quantity of phenothiazine overnight.
D is tilla tio n of the monomer under reduced pressure yielded a
colorless liq u id (bp 106-108°, 10 mm Hg).

The d is t illa t e was kept

under Ar atmosphere 1n the re frig e ra to r and re d is tille d before use.
Since VBC is a severe lachrymator, i t should be handled with care.
(ii)

Methyl methacrylate (MMA).

Commercial MMA, Aldrich Chemical Company, Inc. (99%, bp 100°C),
contains free radical in h ib ito rs such as hydroquinone.

The MMA was

washed twice with aqueous 5% sodium hydroxide solution, and twice
with d is tille d water.
su lfate

1

The extract was dried over anhydrous sodium

n the presence of a small amount of phenothiazine, then with
13

calcium hydride and fin a lly d is tille d from calcium hydride in the
presence of phenothiazine under Ar at reduced pressure.
d i s t illa t e was collected at 48-49°C, 98 irm Hg.

A colorless

The d i s t illa t e was

stored under Ar atmosphere in the re frig e ra to r and r e d is tille d before
use.

MMA is a flammable and lachrymatory liq u id so i t should be

handled with care.
(iii)

2-Ethoxyethanol

Commercial 2-ethoxyethanol (99%, bp 135°C) was purchased from
Aldrich Chemical Company, Inc. and p u rified by drying over anhydrous
calcium s u lfa te , f ilt e r in g and then fractional d is tilla tio n ; bp 135136°C.
(iv )

Methacrylic acid (MA).

The p u rifica tio n of commercial MA, Aldrich Chemical Company,
Inc. (98.5+%, bp 163°C), involved drying i t over anhydrous calcium
su lfate in the presence of phenothiazine and 2 ,6 -d i- t e r t - bu tyl-4 methylphenol as in h ib ito rs fo r overnight, f ilt e r in g and then
frac tio n al d is tilla tio n under the reduced pressure to give a
colorless liq u id , bp 80-81°C, 15 imi Hg.

The d is t illa t e was stored

under argon atmosphere in the re frig e ra to r and r e d is tille d before
use.
(v)

A zo b is(iso b u ty ro n itrile ) (AIBN).

The p u rific a tio n of AIBN involved heating AIBN in methanol and
then f ilt e r in g .

The f i l t r a t e was allowed to cool in the re frig e ra to r

and the white crystals recovered.

A fte r two more re c ry s ta lliz a tio n s ,

the crystals were dried under the reduced pressure in a desiccator at
room temperature fo r 2 days.

The p u rifie d In it ia t o r was stored in a

re frig e ra to r in a b o ttle th at was wrapped with aluminum f o il to

minimize photodegradation.
B.

Solvents and Reagents

Solvents and reagents of commercial reagent grades were used as
received in a ll polymer m odification and p u rific a tio n .

When special

pu rity or dryness was necessary, methods described in "P u rificatio n
of Laboratory Chemicals," 2nd e d itio n , by Perrin et a l. [5 5 ], were
used.
2.2

General Instrumentation Used in Characterization of Monomers,
Polymers and 1n the Determination of Iron in the Coated Films.
Nuclear magnetic resonance (nmr) spectra were recorded on a

Bruker WP-200 Fourier Transform NMR Spectrometer and on a Varian
Associates HP-60 Spectrometer.

Chemical s h ifts are reported in ppm

( 6 ) downfield from internal tetram ethylsilane (TMS) reference, and
the usual notions are used to describe the spectra:

s=singlet,

d=doublet, dd=pair of doublets, m=multiplets, b=broad, e tc .
In frared (1 r ) spectra were recorded on a Perkin-Elmer Infrared
Model 621 spectrophotometer.
Melting points were determined on a Fisher-Johns melting point
apparatus and are uncorrected.
In a determination of iron the optical density of a red solution
of [Fe(SCN)g]3+ complex was measured at 480 nm on a Beckman DB-G
grating spectrophotometer and the amount of iron was obtained by
comparing the solution optical density with a ca lib ratio n curve.
Viscosity of polymers were measured in a Ubbelohde type
viscometer, Cannon No 50/70, at 30°± 0.05° in a Constant Temperature
Bath, Cannon Model M -l.

In trin s ic viscosities of polymers were

reported; specific visco sities were calculated from the following

equation and a plot of nSp/C vs C was extrapolated to zero
concentration.
Cn] = ( T^sp^')c=o

o
t = e fflu x time of polymer solution
t Q = e fflu x time of pure solvent
Elemental analyses were performed by Galbraith Laboratories,
K noxville, Tennessee, or by Mic Anal Organic Microanalysis, Tucson,
Arizona.
2.3

P u rific a tio n and Handling of Materials Used in Electrochemical
Experiments.
A.

Solvents
(i)

A c e to n itrile (AN).

AN was the solvent used in most CV experiments of chemically
modified electrodes.

I t was supplied by Aldrich Chemical Company,

In c. (99%, bp 81-82°C).

Commercial AN usually contains im purities

such as a c r y lo n itr ile , acetic acid, aldehydes, amines and water.
Problems in p u rific a tio n of th is solvent appear to arise at least in
part from v a r ia b ility in composition of the material as received from
commercial suppliers.
reported [5 6 -6 0 ].

There are several procedures which have been

However, a recent four step procedure [ 6 Ud] has

been chosen in the p u rific a tio n of th is solvent since i t was claimed
to provide very high q u ality a c e to n itrile that was suitable fo r
polarographic experiments.

The p u rific a tio n process consisted of

refluxing AN over anhydrous A ICI 3 (1 5 g /l) fo r 1 h and d i s t illin g ,
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refluxing over alk alin e KMnO^ (10 g KMnO^, 10 g LigCOg/l) fo r 15
minutes and d i s t illi n g , reflu xin g over KHS04 (15 g /1) fo r 1 h and
d i s t illi n g , and refluxing over CaH2
d i s t illi n g .

(2

g / 1 ) fo r

1

h and fractional

The d i s t illa t e was stored under nitrogen in the presence

of a Linde type 4A molecular sieve.

AN is somewhat toxic with a

recommended maximum on concentration of

20

ppm therefore

1

t should be

handled with care.
(ii)

Dichloromethane (DCM).

DCM used in some of the CV experiments was the reagent quality
(99.9%, bp 39.8°C ), supplied by the Baker Chemical Company.

The

solvent did not give a colored acid layer a fte r shaking with
concentrated s u lfu ric acid .

Therefore i t was p u rified simply by

d i s t illin g i t from calcium hydride and the d i s t illa t e was stored away
from bright lig h t in a brown bo ttle with a Linde type 4A molecular
sieve.
(iii)

N-Methylpyrrolidone (NMP).

NMP was used as a co-solvent with DCM in order to increase the
p o la rity of the solvent system.

I t was supplied by Aldrich Chemical

Company, In c. (99%, bp 202°C).

NMP was p u rifie d by removing water as

a benzene azeotrope, then fra c tio n a lly d is tille d at 14 to r r through a
vigreaux column.

The colorless d i s t illa t e was collected in the range

of 136-140°C.
(iv )

jvB utanol.

jv-Butanol was supplied by Fisher S c ie n tific Company (technical
grade).

I t was p u rified by drying with anhydrous MgSO^, followed by

fractio n al d is tilla tio n (bp 117-118.5°C) under atmospheric
pressure.

B.

Supporting E lectro lytes
(i)

Tetra-jv-butylammonium perchlorate (TBAP).

TBAP was used as a supporting e le c tro ly te in most of the CV
experiments.

I t was supplied as an electrom etric reagent by

Southwestern Analytical Chemicals, In c ..

The TBAP was used without

fu rth e r p u rific a tio n , but i t was dried in a vacuum desiccator at room
temperature for 48 h.

I t was then stored in a desiccator over

anhydrous magnesium perchlorate.
(ii)

Tetra-n_-butyl ammonium tetrafluoroborate (TBABF4) .

TBABF4

was used

experiments

in order

as

a supporting e le c tro ly te

to

in some of the CV

study the effec ts of the

anion on the voltammetric data.

nature of counter

I t was also supplied as an

electrom etric reagent by Southwestern A nalytical Chemicals, In c ..
The TBABF4 was used without fu rth e r p u rific a tio n , but i t was dried in
a vacuum desiccator at room temperature fo r 48 h.

It

was thenstored

in a desiccator over anhydrous magnesium perchlorate.
(iii)

Tetraethyl ammonium j>-toluenesulfonate (TEAPTS)

TEAPTS was used
experiments

in order

as

a supporting e le c tro ly te

to

study the effe c ts of the

counter-anion on the voltammetric d a ta.
Eastman Kodak Company.
ir r it a t io n to the skin.

in some of the CV
nature of the

The s a lt was supplied by

I t was very hydroscopic and could cause
I t was dried in a desiccator at room

temperature under vacuum fo r several days before use.
2.4

Electrochemical Apparatus and Techniques
A.

Electrodes and C e lls .

Unless otherwise indicated, the working electrode fo r the
experiments was a platinum disk electrode o f geometric area

0.528 cm2.

The electrode was fabricated by e le c tr ic a lly

spot-

welding a desired size of Pt sheet to a 1 mm diameter Pt wire that
was inserted and sealed about the middle part in a
glass tube.
(8

6

mm (O.D.) soft

The Pt disk was then sealed to ahother soft glass tube

mm O.D.) with epoxy cement (Devcon "2 to n ").

The lower planar

surface of the electrode was polished with a very fin e grade sand
paper (3M), followed by polishing the 0.05 pm alumina on a soft
polishing f e l t , u n til the working electrode exhibited a m irro r-lik e
fin is h .

The electrode was then oxidized with concentrated n itr ic

acid and rinsed with d is tille d water, followed by acetone.
with the Pt wire was made with mercury and a copper w ire.

Contact
The

a u x ilia ry electrode was a platinum disk which was e le c tr ic a lly spotwelded to a Pt wire that was sealed in a
tube.

6

mm (O.D.) soft glass

The reference electrode was a s ilv e r -s ilv e r ion electrode or a

s ilv e r pseudo reference electrode.

The electrode was easily made by

putting O.OlF^AgNOj in a supporting e le c tro ly te solution or a
supporting e le c tro ly te without AgNOg (fo r a pseudo reference
electrode) and a h elix Ag wire into a body of a discarded calomel
electrode.
The electrochemical ce ll i t s e l f was made by cutting down a
specimen, round molded screw cap b o ttle of size
7.5 cm in height.

6

cm(0.D.) and

The c e ll cap was made from a #12 rubber stopper

which was d rille d with 5 holes fo r Introducing the three electrodes
and argon in le ts .

In order to minimize an uncompensated

resistance

of the e le c tro ly te solution, the reference electrode was placed in a
separate glass compartment containing the same nonaqueous supporting
e le c tro ly te solution as used in the c e ll .

The lower end of the glass

compartment was fabricated as a luggin c a p illa ry which allowed for
closer proximity of the Luggin tip and the edge of the working
electrode.

The experimental arrangement, including a d e ta il of the

three electrodes and c e ll, is illu s tra te d in Fig. 2-1.
In order to minimize the loss of the solvent from the cell
during the degassing period and while performing the experiments, the
Ar was passed through the sim ilar supporting e le c tro ly te system in
another b o ttle before i t was allowed to bubble into the solvent
system in the c e ll.

The solvent system was kept dry by putting a

Linde type 4A molecular sieve into the solvent system.
All measurements were performed at the laboratory temperature,
27±2°C.
B.

Spin Coating Apparatus.

The spin coating apparatus consisted of a TTA 60 T itra tio n
assembly (Radiometer, Copenhagen) used as a motor-drive spinning unit
and a barrel of a
electrode.

20

ml p lastic syringe used fo r holding the

The barrel of the syringe was cut at about the middle to

allow the driving b e lt from the s tirr in g motor pulley to fasten and
to drive the body of the electrode.

The two parts of the p lastic

barrel were clamped and held to a big iron stand to prevent the
shaking of the electrode while i t was spinning.

The s tirrin g motor

was set to spin the electrode through the driving b e lt.

The details

of the spin coating assembly was illu s tra te d in Fig. 2 -2 .
C.

Instrument fo r Cyclic Voltammetry.

All cyclic voltammetric experiments were performed with a
Princeton Applied Research (PAR) model 173 potentlostat/galvanostat
in conjunction with a PAR model 175 universal programmer.

Data were
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Fig. 2 - 2

Spin

coating

ap p a ra tu s

recorded on a PAR model 9002A X-Y recorder.

Positive feedback

compensation of solution resistance was not employed in any of the
experiments.

All potential values were recorded re la tiv e to the

Ag/Ag+(0.01FJ or Ag pseudo reference electrode in the same solvent
system as in the c e ll, but a ll potentials reported in the te x t were
referenced to saturated calomel electrode (SCE).
2.5

Degassing Technique.
Since oxygen is chemically reactive with many substances and

electrochemically reducible, a ll solutions used in cyclic
voltammetric (CV) experiments were thoroughly deaerated before use.
This was done by purging the solvent system in the c e ll with a flow
of Ar and by putting the system in a small p la s tic box made in th is
laboratory.

Since the CV experiments must be carried out on "quiet"

or stationary solutions

1

n order to prevent convective motion due to

vib ratio ns, the bubble of Ar was stopped p rio r to performing the
experiments.

This was simply accomplished by raising the Ar delivery

tube above the so lution.

This method also provided a s lig h t positive

pressure of In e rt atmosphere to blanket the solution while CV
experiments were carried out.

CHAPTER 3

CHEMICALLY MODIFIED ELECTRODES (CME'S)

3 -1 .

Introduction
A.

The Nature of CME's

In 1975 Murray and co-workers [61] introduced the term
"chemically modified electrodes" to describe electrodes th a t had th in
film s of some chosen m aterial immobilized on th e ir surfaces.

This

th in coating of m aterial on the electrode surface thereby prevented
d ire c t contact between the metal surface and the bulk e le c tro ly te .
Electrochemical reactions of reactive species in solution took place
through the th in film .

In most cases, instead of a d irect electron

tra n s fe r between the Fermi level of the metal and the substrate
(SUBS) in solution, the electron tran sfe r is "mediated" by the
immobilized 0/R couples present in the th in layer between the
electrode and substrate in solution as shown in F ig . 3 -1 .

Electrode

Coating

Electrolyte
Product

from solution

F ig .

3 -1 .

Mediated electron tra n s fe r in a surface modified
electrode
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The most interesting and most studied immobilized chemicals are those
which are electrochemically reac tive .

Although a large number of

immobilized chemicals have been used, certain systems have received
more attention than others [62] and are collected in Table 3-1.
The main purpose of immobilization of a chosen material on an
electrode surface is that one obtains an electrode th at displays the
chemical and electrochemical re a c tiv itie s , e le c tr ic a l, optical and
other known and desired properties of the immobilized m olecule(s).
These selected properties of the immobilized chemicals include faster
outer-sphere electron tran sfer agents, chiral centers, electron
tra n s fe r mediator catalysts for a valuable substrate reaction,
fu n c tio n a litie s which scavenge trace molecules or ions from solutions
fo r analysis in preconcentrated form, photosensitizers for
semiconductors, and corrosion in h ib ito rs .

I t is clear that the

a b ilit y to vary the properties of the coat confer a new freedom on
the electrochemist in the design and construction of electrodes with
desirable c h a racteristics.

The electrochemical reactions of

immobilized molecules are also special; since these chemicals are
confined to the electrode surface, they provide an opportunity to
study the bases of electrochemical reactions.

Investigations of

electrochemical reactions such as th is make i t possible to probe
i n i t i a l s ta te /fin a l state thermodynamic differences and the kinetics
and mechanisms of electron tra n s fe r, to manipulate surface structures
system atically, and to seek electrode surface re a c tiv ity in ways
which have no accessible counterpart in the study of electroactive
substances dissolved in solutions.

These are the goals and

motivations associated with much of the recent and current research

Table 3-1

P a rtic u la rly Important Immobilized Chemicals

Name

Chemical formula

Abbreviated title

FVP

Poly (vinyl pyridine)

Poly (vinyl ferrocene)

/Q\

PVF

Fe

NH

Porph

Porphyrin
HN

NH

Pc

Phthalocyanine

HN

Th

Thionine
H,N

4,4'-Bipyridyl

Nafion

0-0
^ - 0 P-CPg)s- ( 0 F!,- 0 F2- ) il
OCjPg-O-GPg-GFg-SOj-

Bpy

Naf
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on surface modified electrodes.

B.

Early Work

Electrochemists have been interested in the occurrence and
consequences of adsorptions of ions and molecules on electrode
surfaces fo r a long tim e.

These ions and molecules were found to

have pronounced e ffe c ts , with both desirable and deleterious
consequences, on electrochemical reactions at the metal surfaces.
For instance, they can accelerate or more commonly retard electrode
reaction rates, can lead to passivation of electrodes to corrosion
processes or promote them, can in te rfe re with or be the basis of
electro a n a lytic al measurements.
Lane and Hubbard [6 3 ], at the University of Hawaii, were among
those who broke the f i r s t ground in deliberate electrode modification
in 1973 when they showed that the electrochemical behavior of
platinum electrodes could be altered las tin g ly and b e n e fic ia lly by
the strong chemisorption of o le fin ic groups on a clean platinum
surface.

By using o le fin ic molecules with d iffe re n t terminal groups,

such as ligands or ionic charges, Lane and Hubbard could attach a
va rie ty of reactive e n titie s on the electrode surface.

Some examples

of reagents chosen to be chemisorbed in th is report are depicted in
F ig . 3-2.
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Br

U *

Brf

1

/* K
NH
Br

/

/

Pt
•

F ig. 3 -2 .

- r

'

CO-

Chemisorption of functionalized o lefin s at platinum
electrodes.

In 1975, M ille r and his co-workers [64] developed a "chiral
electrode" by attaching o p tic a lly active amino acids to a graphite
surface via amide bonds.

In the f i r s t step, surface activatio n was

effected by heating a graphite electrode in a i r to produce acidic
surface oxides or carbonylic acids, followed by treatment with
thionyl ch lo rid e .

The resu ltin g acid chlorides were then allowed to

react with ( S )-(-)-p h er\y lalan in e methyl es ter.

This modified

electrode was vis u a lly and electrochem ically indistinguishable from
an untreated electrode.

They used th is ch iral electrode to produce

o p tic a lly active alcohols by the electrochemical reduction of
o p tic a lly inactive ketones.

For instance, M ille r and his co-workers

chose to reduce 4-acetylpyridine in th e ir i n i t i a l stud(y.
was shown in Eq. 3 -1 .

The process
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Another early process fo r chemically modifying electrodes that
influenced the fie ld very strongly was developed by Murray and his
co-workers [61] at the University of North Carolina in 1975.

Their

method consisted of attaching a hydrolysis-sensitive trialk o ^ y or
tric h lo ro s ila n e to a Sn02 electrode.

The technique was based on the

fa ct th at metal oxide electrodes ty p ic a lly produce hydroxyl groups on
th e ir surfaces when they are exposed to acidic so lution.

These

hydroxyl moieties are reactive toward trialk o ^ y or tric h io ro -s ila n e s
which can form up to three bonds with the surface.

By th is method,

Murray's group produced some elegant multi step assemblies of
monolayers on surfaces.

They found that not only tin oxide

electrodes could lin k to silanes but also most metal electrodes which
were oxidized in acidic media could be derivatized as w e ll.

Murray's

group was also the f i r s t to use x-ray photoelectron spectroscopy (XPS
or ESCA) to study the modified surface.

ESCA was able to provide

evidence fo r the formation of a Si-O-Sn bond and to confirm the
presence of the surface Immobilized compound.
These early e ffo rts stimulated explosive growth in
investigations of m odification procedures, characterization

techniques, kinetics and mechanisms of charge tra n s fe r, and possible
applications in a ll fie ld s of sciences of chemically modified
electrodes.

3.2

These are discussed in the following sections.

Techniques Used to Make Modified Electrodes
In general, the properties of immobilized molecules are known,

but a suitab le and reproducible immobilization technique must be
established.

The preferred type of technique depends upon the

structure of the immobilized molecules and/or upon the electrode
surface [kind of functional group(s) present], as well as upon the
function of the immobilized molecules (anchor, c a ta ly s t, electron
mediator, e t c . ) .

In prin ciple, there are three techniques used fo r

the modification of electrode surfaces:
A.

Covalent binding

B.

Irre v e rs ib le (strong) adsorption

C.

Polymer film coating

A.

Covalent Binding Technique

The covalent binding technique implies a covalent bonding
between the immobilized molecule and the electrode surface.

The

advantage of th is technique is th at the coat is firm ly bound to the
electrode surface.

However, i t has the disadvantage th a t more steps

are required in the synthesis, and furthermore, the reagents fo r the
lin kin g molecules are often water s e n s itiv e .

Moreover, in practice

there are theoretical reasons fo r wanting th ic k e r modifying layers in
many applications of in te re s t.

Three procedures w i l l b e

distinguished under covalent binding.

They are ( i ) covalent binding

via a bridge molecule (anchor), (11) covalent binding via a
functional group at the electrode surface, and ( H i ) covalent binding
via an activated surface.
(i)

Covalent binding via a bridge molecule

Bridge molecules are very useful fo r introducing a desired
electroactive species to the electrode surface.

The bridge molecule

possesses at least two functional groups; one fo r covalent bonding to
the electrode surface and one for covalent bonding to a desired
immobilized molecule.

The application of th is technique to bind the

coat to the electrode was f i r s t demonstrated by Murray and his co
workers [6 1 ],

The p rin cip le of the method can be shown in Eq. 3-2,

(3-2)

surface

bridge aolecule

where X is an alko*y group or Cl; FG 1s a functional group lik e
NH2,

COOH or Cl at which fu rther linkage of the coat can be made.

Examples of modified electrodes made in th is way are collected in
Table 3-2 and 3-3.

In most cases, th is technique has led to the

electrode being covered with only a monolayer of the coating
molecules.

However, i t provides an iso latin g chain between the
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Table 3-2

Modified Electrodes Made Using 3-(2-Ami noethyl ami no)propyltrimethoxysilane (en s ila n e ).

Ref.

Modified electrode

65

.-a ,— O

1 CO,H, —NO,

0-Si-(CHJ,—NH—(CH,),—NH

66

;o,ci
hn—

s-

■0—Si—(CH^,—NH—(CHj).

so,ci
so,a*

Table 3-2

Continued

Substrate

Pi— |—

/

M e Ru. Pi

II
I

\

^

/

>

Sn— I— 0 -S i-(C H ^ j—N H -(C H ,),-N H

Ru— |—O -S M C H jJ.-N H -tC H J j-N H

(a) PonibiljtyoftecoodUnk«(ctoMtftce
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Table 3-3

Modified Electrodes Made Using Si lanes Other Than En
Silane.

Modified electrode

,

Silane

Ref.

\.
/v

(CjHjOJjSiCHjCHjNHj

72

Fe

C1,SiCH,CH

(CH,),-Si(OCH,),

— (CH,),— Si

(CHJ,—Si(OCHj);

/
M —Au. Pu n-GiAs. n-Ge.

*

Fe

75
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Table 3-3

Continued

Modified electrode

Silane

Ref.

CO,H

76
M — |—0 -^ i-(C H ,),-

M = Sn. Ti
!0,H

(C,H,0)jSi(CHj),NH,

:o , h

77

NH.

Cl,Si(CH,)(CH,),COCI

CH,

78

—(CH,),—i
NH

M ' - Pi, (latty carbon (GC); M - 2H, Cu. Co

NH,

electrode surface and the coat.

This implies th at charge transfer

must proceed over large distances.

Consequently, other mechanisms,

such as hopping or tu n n ellin g , might be involved in electron
tra n s fe r.
Another method fo r making a covalent modification via a bridge
molecule is by using cyanuric chloride as a linkage to a carbon or
metal oxide electrode as shown in Eq. 3-3.

This procedure was

developed by Kuwana and his co-workers [7 9] at Ohio State U niversity.

Desired electroactive molecules can now be attached to e ith e r of the
remaining Cl atoms.

Examples of electrodes made by th is procedure

are shown in Table 3-4.

(ii)

Covalent binding via a functional group at the
electrode surface.

Functional groups, already present at the electrode surface or
induced by special preparation techniques, can be used fo r covalent
bonding of the coating molecules.

Carbon surfaces are very suitable

fo r th is method, since a variety of surface groups are already
present as shown in Fig. 3-3 [8 3 ].

I t is also possible to enhance

the number of generated new surface functional groups such as
carboxyl* hydroxy, quinone, e tc . at the carbon surface by oxidative
(chemical [8 4 ], thermal [8 5 ], or rf-plasma [ 8 6 ] ) treatm ent.
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Table 3-4

Modified Electrodes Made Using Cyanurlc Chloride.

Modified electrode

Ref.

ci
N = (

79
(P q )

o-CHj-CpFeCp

CH,

CH,

80
•NH,
(PG)

( X = NH or 0 )
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:o o h

iOOH

oxidation

;o o h

:o o h

Fig.

3 -3 . Functional groups present at the edge plane of graphite or
glassy carbon.

Covalent bonds such as those found in ester, amide, azo, ether, e tc .
are now possible between the electrode surface and the immobilized
molecules.

Covalent m odification via the surface c a rb o ^ lic group is

shown in F ig . 3-4.

R-NHj + DCC

„

/

I
4

(rout* UJ\^

S0C4 . M ,P
- *

i

II H
C-N-fl

i >

(route I I I )

- Dicyclohcxylcarbodiimide
—thermal; rf « radio frequency plasma

DCC
a

Fig. 3 -4 . Covalent m odification of glassy carbon electrode via the
surface carboxylic group.

For covalent m odification techniques of th is type, carbon electrodes
such as glassy carbon [8 7] or pyro lytic graphite [ 8 8 ] are frequently
used, as are metals such as Pt [89] and Au [9 0 ], metal oxides such as
SnOg [9 1 ], T i0 2 [9 2 ] and Ru02 [9 3 ], and semiconductors such as Si
[94] and Ge [9 5 ],

Covalent modification of the metals is

accomplished via the surface-oxide groups created by oxidation
techniques, while bulk oxides such as Ti02, Sn02 , e tc . already
possess "active" surface groups of th e ir own.
usually modified
group.

Metal

oxides are

via ester orether bonding with the surface hydroxyl

Osa [9 1] modified Sn02 and Ti0 2 electrodes by forming the

ester bonds between a surface hydroxyl group of the metal oxides and
a carboxyl group

of RhodamineB, which was used as a sen sitizer to

s h ift the optical s e n s itiv ity
region.

from the UV toward the v is ib le

Examples of CME's made by th is technique are shown in Table

3-5.

(iii)

Covalent binding via an activated surface.

Activated electrode surfaces (mostly carbon or platinum) are
created by removing surface functional groups and/or disrupting the
surface structures, thus exposing the bulk structure having very
active sites to the surface.

This can be accomplished by vacuum

pyrolysis [1 0 4 ], mechanical abrasion in an in e rt atmosphere [105] or
by Ar rf-plasma pretreatment [1 06],

The activated surfaces are

reactive toward vinyl and amine functional groups as shown in Fig. 35, but probably equally well toward many other functional groups,
molecules and even atoms.

Table 3-5

Modified Electrodes Made Using Carbon Surface Functional
Groups
Type of carbon

Modified electrode

4

I//

\

Graphite

. Ref.

96

O-NH-C&r-tf 'iV-RuL-

L = (NH3)5 , EDTA

C +I C *

Graphite,

\ \ NH-R

glassy

97

R =

OH
OH

Graphite

98

Graphite

gg

NH

4

(

?

NH-jJ-COgCH^
CHr

41
Table 3-5 continued

Type of carbon

Modified electrode

\ _ NHj

Ref.

Glassy

100

Graphite

101

Graphite

102

Graphite

103

M - Mn. Fe, Co, Ni. Cu, Zn. 2H

1 '
3-j-C

TV

(NAD)

NAD = nicotinamide adenine
dlnucleotlde

//

\

o -( c d )

CD = cyclodextrin

C-|<{

//

\

NH-(B)

E = Glucose oxidase

R

Argon
plasma
etching

surface

F ig . 3 -5 . Covalent binding via an activated carbon surface.

By using th is technique Murray [107] immobilized v in y l- and
ami noferrocene to the electrode surface.

A bridge molecule such as

vinylpyridine or EDTA could be immobilized to the surface amine, and
subsequently used fo r coordinating ruthenium complexes.

B.

Irre v e rs ib le (Strong) Adsorption Techniques.

Despite the lack of control of the number of molecules in the
coat and producing less stable systems than covalent m odification,
adsorption modification technique is often applied because of Its
s im p lic ity .

Several procedures, fo r example sublimation, adsorption

from d ilu te solutions or electrosorption, are frequently used.

A

clear d istin ctio n between irre v e rs ib le adsorption modification and
covalent binding modification is not always possible.

For example,

olefins or platinum are thought to form Pt-C bonds [108] and enzyme
d is u lfid e bonds may In teract with a Hg electrode [1 0 9 ].

However,

th is type of bonding (chemisorption) is less well defined.
strength of adsorption
being adsorbed.

1

The

s usually a function of the type of compounds

Many organic compounds adsorb on graphite as a

function of the number of aromatic rings they contain, with an
increasingly stronger adsorption fo r an increasing number of aromatic
ring s.

Some examples of electrodes made by adsorption of monomeric

species are given in Table 3 -6 .

Adsorption modification often

results in a m u ltilaye r.

C.

Polymer Film Coating Techniques.

As mentioned in Chapter 1, many intense investigations during
the la s t few years in the fie ld of CME's have been directed toward
coating the electrodes with electrochemically active polymer film s .
Many techniques have been developed to immobilize the polymer film on
electrode surfaces.

These include covalent bonding [1 1 8 ], adsorption

(dip coating) [1 19], droplet evaporation [1 2 0 ], spin coating [1 2 1 ],
oxidative or reductive deposition [ 1 2 2 ] , electrochemical
polymerization [1 2 3 ], rf-plasma polymerization [124] and
e le c tro s ta tic binding [1 2 5 ],

(i)

They w ill be described in tu rn .

Covalent bonding procedure.

Itaya and Bard [118] have introduced th is technique to
immobilize the electroactive redox polymer film on the SnOg
electrode.

The procedure involves s ila n lz a tio n of SnOg electrode,

followed by the reaction with an anchor, poly(methacryloyl
c h lo rid e ).

The electroactive ferrocene derivative 1s then attached

to the anchor polymer.
Chapter 1.

The procedure Is summarized 1n Eq. 1-1 of
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Table 3-6

Modified Electrodes Made by Adsorption Of Monomeric
Species.

Pt

Ref.

Adsorbed species

Substrate

C H ^ C H - C H g N ^ ^CpFeCp

no

H/ C

o-

m

Glassy carbon
o-

Graphite

\

y

w
112

:h =c h — ^

\ l * —Ru(NHj)]*
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Table 3-6

Continued

Ref.

Adsorbed species

Substrate

114

Glassy carbon

Graphite

115

h- n

HjCHjCoc

:
CHj CHj

Graphite

116

CH*

H

CHjCHjCOCHjCHj
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Table 3-6

Continued

Adsorbed species

Substrate

Ref.

SO.H
;o .h

Pyrolytic graphite,
117
Ag

HOjS
M » Co. Fe

SOjH

(ii)

Adsorption procedures.
(a) dip coating

Dip coating is a simple procedure reported by M ille r and Van De
Mark [126] fo r coating the polymer film on the electrode surface.

It

is accomplished by dipping the electrode into a d ilu te solution of
the polymer fo r some period, during which time an adsorbed polymer
film forms on the electrode surface.

The polymer may already contain

the redox moiety or may be bound subsequently to the

film as by amine

[1 2 7 ], or metal complex [128] formation.
(b) droplet evaporation
The film on the electrode surface can be coated by spreading a
few m icro liters of a d ilu te solution of eith e r a polymer or a
h y d ro ly tic a lly unstable organosilane copolymer on a modest ( 0 . 2 - 1
cm^) electrode area and allowing the solution to be evaporated very
slowly in a container nearly saturated with solvent vapor.

Film

uniform ity can be improved by spinning the solution o ff or otherwise
removing 1t a fte r only p a rtia l evaporation.

This technique gives

stable film s with known to ta l coverage, rp0^ mer.
(c) spin coating
This well known film forming technique has been Introduced by
Schroeder et a l . at IBM fo r coating an electrode with preformed redox
polymers.

The method involves dropping a polymer solution onto the

electrode surface while i t is spinning.

Spin coating usually

requires a large number of monolayers to be applied fo r pinhole-free
film .
(d) oxidative or reductive deposition
Polymer s o lu b ility depends on its ionic sta te , which can be
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Table 3-7

Modified Electrodes Made By Polymer Adsorption.

Substrate

Ref.

Polymer

Pt

130

Pt

131
Fe

CH,

Pt

132
M .

u

dH2 CH2 CH2 Si(OCH3)3
(M P S)

(V F e r)

133

£ c- ^ > cC

SnO,

KO

OK

cioconatc violet

CH,

CH,

-C -C H ,-

C -C H ,-

I

I

Glassy

I

CO,H

.

Jm

O

134

carbon
1fJH—CH,CH,

-Q

OH

Table 3-7

Continued

Substrate

Polymer

Ref.

*'n3
-----Graphite

C
' -0
N -H

O -o
135

•Ms

M«H, ! i

* Fell'll* 3r ■Fe-I

^0
Ft, glassy carbon

.3 0

-t-c n -^ ^ o .y o

DUO
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Table 3-7
Substrate

Continued
Ref.

Polymer

Pt
137

Pt
138
H,R

H,C1

TXi
S

'CH,

S'
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changed by oxidation or reduction.

Bard and his co-workers [129]

used th is approach to deposit poly( vinyl ferrocene) film s from DCM
solutions by electrochemically oxidizing the polymer to its less
soluble (and more adsorbable) ferricenium form.
then removed from DCM solution and a ir dried .

The electrode was
The electrochemistry

of the polymer film s are performed in a non-solvent fo r the
polymer.

The film s formed by th is technique are also stable.

Examples of modified electrodes made by adsorption technique are
collected in Table 3-7.

( i 11) Electrochemical polymerization.
In th is method a solution of monomers is oxidized (such as
phenols [1 5 9 ], anilines [1 40], pyrroles [141] or reduced (such as
activated o le fin s ) electrochemically under dry conditions to
intermediates which polymerized s u ffic ie n tly rapidly as to form a
polymer film d ire c tly on the electrode.

This procedure tends to

y ie ld few gross pinholes in the film since exposed electrode surface
reacts rapidly with monomers to accentuate with polymer growth at the
pinholes [1 4 2 ].

In order to grow film s of sig n ifican t thickness, the

polymer film i t s e l f must be redox active and capable of e le c tro c a ta ly tic a lly oxidizing or reducing fresh monomers.

Otherwise,

electrode passivation soon occurs and film growth is halted .

Because

of it s ease and greater co ntrol, electrochemical polymerization
should be the method of choice for coating modified electrode.
D etails of chemically modified electrodes coated by th is technique
are given in Table 3-8.
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Table 3-8

Modified Electrodes Made by Electropolym erization.

Monomer

Substrate

Ref

Pt, vitreous carbon,

^u(bpy)2(vinyl-py)^J2+

Sn02 , TiOg

jRu(vlnyl-bpy)^] **

143

^Ru(bpy)2 (vinyl-bpy)) *
[RuCfcpy^Cvinyl-py)Cl] +
^Fe (vinyl-bpy)

Pt

2+

|jDs(bpy)2(4-py-NHC0-CH=CH-Ph)^j 2
144
j^Fe(4-vinyl-4' -methyl-2,2' -bpy) ^

Glassy carbon,

Pyrrole

2+

145

Pt
CH„

/

CH„
3
146

N

Pt

Pt
147

CH_

CH=CHr
148

Pt, Au, SnOg
'

or vitreous carbon
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Table 3-8

Continued

Substrate

Monomer

Ref.

NH,

Pt, glasy carbon

149
ta=N

150

Ft .or glassy carbon

R = -GH=CH2 , -CHBr-CH^

( iv )

RF plasma polymerization.

The polymerization of organic compounds in a radio-frequency
glow discharge chamber at low pressure is called r f plasma
polymerization [1 5 1 ].

This technique can be used to coat the

electrode surface with a highly cross-linked (and perhaps highly
branched) polymer.

For example, extremely stable and concentrated

polymeric film s of vinyl ferrocene [1 52], vinyl pyridine [1 5 3 ], and
a c ry lic acid [154] can be formed on glassy carbon or platinum
electrodes by exposing vapors of monomers to a radiofrequency plasma
discharge.

The desired film thickness of the coat can be controlled

by the monomer pressure and time used to polymerize.

For example,

Doblhofer [155] reported that a film of about 100-1000A could be
formed by adjusting the monomer pressure to

0 .2

-

2

mbar in a

ty p ic a lly 0.2 mA d .c . current fo r times on the order of 0.5-5 min.
Some examples of modified electrodes made by the use of a r f plasma
are collected in Table 3-9.

(v )

E lec tro sta tic binding of redox 1on.

E lec tro sta tic binding of redox 1on was f i r s t discovered by Oyama
and Anson [160] at C alifo rn ia In s titu te of Technology 1n 1979.
procedure 1s very simple.

The

A film of po lyelectro lyte is coated onto

the electrode in a thickness as small as 50A or as large as perhaps
5000A.

The film may bear fixed ionic groups such as DuPont's

sulfonated fluoropolymer Naflon, poly(sulfonatedstyrene), and styrene
sulfonic acid/organosilane copolymer.
exchangers-.

These are cationic

The anionic exchangers th at have received the most

attention are protonated P o ly (4-v in y lp y rid in e ), quaternized poly(4 -
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Table 3-9

Modified Electrodes Made by the Use of a RF Plasma.

Modified electrode

Initial introduced

Ref.

Bpecies

Glassy carbon-]- (CH9- C H ^

156

CpFeCp

Glassy carbon-j-R—

— Ru(bpy)2Cl+

R = nothing, -NH(CHgJgNHCCH^gNHCO-

Pt-|-(CH2-j!H-)n

^jr-Py

157

(HgNCHgCHgjNH

CpFeCp

158

CpFeCp

Glassy

^ P y

( b

Fe(C0

) 5

.ad Fte(CO)5

159

vinyl pyridine) and a copolymer involving protonated p o ly (L -ly s in e ).
Other references on p o lyelectro lyte polymers containing electroactive
complex counter ions are also given in Chapter 1.

Some examples of

modified electrodes made by th is technique are collected in Table 3-
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Table 3-10

Substrate

Pyrolytic
graphite

Polymer Modified Electrodes Functionalized by
E le c tro s ta tic Binding o f Redox Ions
Pinal coating

Initial polymer coating

(-CH2-ffl-)n

Ref.

(-CHz-CH-)n
161

o

6

i
M
M = -Ru(NHj*

J Dt

-Ru(bpy)2(H20)

Graphite, Pt
162

SO^M

[' = CoCpheii)^t CoCbpy)^,

M = H+ or Na

Ru(bpy)|+.
phen = 1,10-phenanthroline

Pyrolytic graphite,
glassy carbon,
Pt, n-type SnOg

^ -C P -O F g ^ O P ^ O F ^

-(-CP-OF2V f O F 2-OF2- ^ 1 6 3

O-C^Fg-O-CPgCPg-SO^"

O-C^-O-CFgCFg-SO^-Na

M
M = RuCbpy)^, RuCbpy)^
Fe(tpd)g^, Ru(tpd)(bpy)(OH)g+
tpd = 2,2',2"-terpyrldine
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Table 3-10

Continued

Final coating

Substrate

Initial polymer coating

Ref.

-tjM-OWgh,
164

Glassy carbon

- ( - c h - ch- ^ - ^ ch^ - ch-);,
* I

same as
initial

Fc

165

[o :
S0“ K+

CH0-CH—)2 |
x

Pt

166

O
S0

3

M

SO" As Pfy

^ C H 2 -?(CH3) ^ y
c=o

4 -c h 2 -c(C3h3) ^

0-C^Si-

0=0
A-CjHgSiCOCH^.

M = Ru(NH3)g , Cr(bpy)3

0.28
Glassy
carbon

[O]
^fet-,

•

CO}

0,37

. 2 8 '' | ^O.3 7

(

K5

^ ( C H 2CH20H)3

M = F e (C N )J "

0

•35

167
l S(CH2CH20H),

3.3

Methods Used to Study Modified Electrodes
For the study of chemical modified electrode surfaces, a variety

of techniques are a v a ila b le .

However, these can be grouped into two

main techniques - spectroscopic and electrochemical techniques.
Spectroscopic techniques are p a rtic u la rly important fo r providing
microscopic information of modified surfaces such as type, number,
spacing, uniformity of atoms and bonds formed with electrode
m a te ria l, morphology of the surfaces (related to effects of surface
roughness on structure; polymer film swelling, ion content, channel
size; internal m obility of polymer s tru ctu re ), e tc .

Among various

spectroscopic techniques often used for the characterization of
modified electrode surfaces included:
Type

Information

X-Ray Photoelectron Spectroscopy (XPS)
Auger Electron Spectroscopy (AES)
Scanning Electron Microscopy (SEM)
Photoacoustic Spectroscopy

id e n tity of atoms
and valence states
structure of surface

Secondary Ion Mass Spectrometry (SIM)

molecular fragments
from surface layer

M u ltiple Reflection Infrared
Laser Raman

prominent bonds
functional group on
surface

However, only a few of these techniques are suitable for in situ
measurements, which are important fo r kin etic studies of surface
reactions.

Laser Raman [168] and Photoacoustic spectroscopy [169]

are examples of techniques already applied to in situ measurements.
Since th is is not a "method" chapter, I w ill not describe these
spectroscopic techniques.

However, one can find selected

applications of these spectroscopic techniques 1n surface
characterization elsewhere [1 70].

But I w ill describe only one

electrochemical technique, cyclic voltammetry, which is very
important fo r k in etic studies of surface reactions, in s itu , of
chemically modified electrodes.

A.

Cyclic Voltammetry (CV)

CV is perhaps the most popular electroanalytlcal technique fo r
the study of electroactive species.

This is probably due to the ease

of experimental set up combined with the a b ility to examine products
from the i n i t i a l oxidation and transient intermediates formed during
the reverse scan.

The data obtained provide not only thermodynamic

parameters, i . e . the redox p o te n tia l; but also direct insights into
the kinetics of electrode reactions, which include both heterogeneous
and homogeneous electron tran sfer steps as well as coupled chemical
reactions.

This unique a b ility ultim ately leads to mechanistic

information on the reaction studied.

Therefore, CV is often the

f i r s t experiment performed in an electrochemical study of both simple
redox processes in organic and inorganic chemistry and also in m u lti
electron tran sfer processes in biochemistry and macromolecular
chemistry.
The cyclic voltammetry experiment consists of a single scan
(p otential ramp) of the potential of a stationary working electrode,
which is Immersed in a quiet solution, from an I n i t i a l value, E^, to
a predetermined lim it , E^ (known as the switching p o te n tia l), then
the sweep is reversed and the potential returns lin e a rly to Its
I n i t i a l value.

The resulting current response at the working

electrode is plotted as a function of the applied potential as is
illu s tra te d in F ig. 3-6.

61

0.0
n(C -C *)IV]

0.2

F ig. 3-6.

-

0.2

Cyclic voltammogram fo r a reversible charge tran sfe r;
E :cathodic peak p o te n tia l, E tanodic peak p o te n tia l,
E^Tswitching p o te n tia l, EjygShaTf-wave p o te n tia l,
i :cathodic peak cu rre n t,'fp ^ a n o d ic peak current,
ij[0:current at Ex, i aQ:anodic peak current at baseline.

Since i t is impossible to monitor absolute electrode p o ten tials,
the working electrode (WE) potential E always refers to a
nonpolarized reference electrode (RE) such as a saturated calomel
electrode (SCE), or a s ilv e r /s ilv e r chloride electrode (Ag/AgCl).

If

the currents are low and the so lven t-electro lyte system has a high
conductivity, th is type of two-electrode ce ll is s u ffic ie n t for
voltammetric measuring.

But fo r large currents and/or a low-

conductivity so lution, as in the case of using aprotic solvents, the
applied voltage is no longer identical to the desired real potential
at the working electrode.

The WE potential Et w ill be smaller than

the applied c e ll voltage Ecei i ( t ) by an amount corresponding to the

ohmic potential drop (1R drop) as shown in Eq. 3-4.

Et = Eap p^) * W

(3-4)

*

Both effects can be larg ely avoided by using potentiostat together
with a three electrode c e ll arrangement [171] as shown in F ig. 3-7.

X-Axis

Potentiostat
Y-Axis
X-Y recorder

Signal Generator
-E(t)
IRE
K t);

AE

WE

Pig. 3-7. Block diagram of an instrument for cyclic voltammetry.

In th is technique current 1s passed through the working and an
a u x ilia ry electrode (AE), while almost no current flows through the
RE on account of Its high Impedance.

In order to keep the existing

uncompensated resistance 1R drop as small as possible, the RE Is
placed as close as possible to the WE using a Luggin c a p illa ry .
Potentiostat control ensures th at the real potential E (t) at the WE
with respect to the RE 1s, by and la rg e , the same as the applied ce ll

voltage generated by the voltage scan generator.

Operational

am plifiers in the control c ir c u it adjust the current passing through
the WE and AE u n til the potential E (t) corresponds to Eapp*
The excitation signal for CV is a lin e a r potential scan with a
tria n g u la r waveforms as shown in Fig. 3-8.

cycle 1-------- 1-------- cycle 2 ------- 1

/forward

0.6 • / scan

OB
initial

final
T IM E , i

F ig . 3-8. Typical excitatio n signal fo r cyclic voltammetry - a
trian g u lar potential waveform with switching potentials at
0.8 and -0 .2 V versus SCE.
In Fig. 3-8, the excitatio n signal causes the potential f i r s t scan
negatively from +0.80 to -0.20V vs SCE at which the scan direction is
reversed, causing a positive scan back to the o rig inal potential of
+0.80V.

The scan ra te , as reflected by the slope, is 50mV/s.

Although i t 1s tech n ically possible to generate sweep rate (v) up to
10,000 V/s, 1n practice the scan rate lie s between 5 mV/s and lV /s ,
with a maximum of 3000 V/s under favorable conditions.
cycle is indicated by the dashed lin e .
be used.

The second

Single or m ultiple cycles can

Often there is very l i t t l e difference between the f i r s t

cycle and successive scans.

However, the changes th at do appear on

the re p e titiv e cycles have proven very useful 1n obtaining
Information about f a ir ly complicated electrode reactions.

By
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analysis of CV parameters and by comparison w ith th eoretical models,
mechanistic and/or k in e tic information can be extracted.
F ir s t , l e t us consider the application of CV to an electrode
surface containing an immobilized redox monolayer which reacts
according to Eq. 3-5 and no in teraction between the species.

(ads) + e

—

R (ads)

(3 -5 ) or

solution

electrode
0

supporting e le c tro ly te
R

I f the reaction is reversib le and is assumed to obey the Nernst
equation (w ritte n in terms of the concentrations of 0 and R on the
electrode su rface ), the expected current potential behavior in
cyclic-voltam m etric experiments is described by Eq. 3-6 [1 7 2 ].

i

where

-n ^ A
bt

RT

rT v

•

(3 -6)

(1+ er

is the to ta l concentration of the redox species = Tq + I r ,
r.
is the potential scan ra te (= d E /d t), c = ~ ~ = exp
(E - E»u r f ) .

o'

Esurf

rT

standard poten tial of the surface redox reaction, and

the other symbols have th e ir customary significance.

The above

expression fo r the current represents a symmetrical curve around
E “ Esu rf (F i9 - 3‘ 9 ) -

v
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1
c

*1 /2

=

90.6/n

"c

i

a

F ig . 3-9

Cyclic voltammogram fo r the redox reaction 0 + ne v.
where both 0 and R are attached to the electrode surface.

The sig n ifican t ch aracteristics fo r a reversible reaction of a
redox monolayer anchored to the electrode surface are that the
cathodic and anodic current peaks w ill both appear at E°upf and w ill
have equal magnitudes given by Eq. 3 -6 .

The peak height (1p) 1s

simply proportional to the sweep rate ( v ) , the peak potentials and

n2F2A rT»

<V

■ <1pc>

—

a n ~

(3-7)

wave forms fo r the anodic and cathodic are identical (aEn = 0 or Epc
and Epa « EgUrf ) fo r arV scan rate and the peak width at mid-height
(W}/2 ) at 25°C is equal to 90.6/n mV.

In th is case the area of the

peak gives the to ta l amount of charge and hence the to ta l quantity of

attached electro active species which is independent of
v.

From a knowledge of the chemical composition of the film one can

then estimate the thickness of the coat.
In a practical point of view, the above simple statement is true
when the sweep ra te , v, is slow enough and the kinetics of electron
transfer is fast enough fo r complete reduction or oxidation in each
sweep.

I f th is is not the case i . e . , one uses a fast sweep rate with

slow electron tra n s fe r k in e tic s , then, the kinetics of the charge
transfer process is diffusion lim ite d .

The peak height (ip ) w ill

follow the normal square root dependence on sweep rate as found in
fre e ly diffusing redox species in solution (ip B Kv1/ 2 ) .

Other

characteristics th at w ill be observed fo r a slow electron transfer
process are the position of the anodic and cathodic peaks on the
electrode potential axis w ill be separated and a non-zero potential
scan rate-dependent, aEp, is expected.

o*
However, E”u rf fo r the redox

couple in the film can s t i l l be estimated from the mean of the two
peak positions.

Most studies [173] indicated th at aEp fo r

immobilized monolayers are normally small (< 20 mV) but are seldom
actually zero.

Although the origin of the e ffe c t is not c le a r, in

some careful studies investigators found that these nonzero aEp are
independent of the potential scan rate [1 7 4 ].

Probably some

nonequilibrium fa c to rs , such as In te rfa c ia l solvation or fixed
molecular conformation, may be asymmetric with respect to a reaction
proceeding from the oxidized or reduced forms, making the apparent
Esurf

d^ erent

*he two reaction d irec tio n s.

There are several examples of monolayer attachments that the
waveshapes are symmetrical about Ep and th e ir anodic and cathodic

peaks are nearly images of each other.

But both waveshapes and

ty p ic a lly d iffe r from Eq. (3 -7 ); experimental W ^2 are la rg e r,
ranging from 100 to 200 mV, with few exceptions [1 7 5 ],

The general

broadening of voltammetric waves is probably due to : ( i ) s lig h t
variations in the microenvironment, solvation, e t c ., of an ensemble
of attached species which cause a narrow spectrum of
rather than one unique value [1 7 6 ],

values

( i i ) surface a c tiv ity of the

attached reactants d if f e r from th e ir surface concentrations.

To

account fo r such nonideal behavior in the second case, Brown and
Anson [177] used surface a c tiv ity in place of surface concentration
in w ritin g the Nernst equation fo r the attached redox couple as shown
in Eq. 3-8.

(3-8)

where a^ and yj are the surface a c tiv ity and a c tiv ity co efficie n t of
species, respectively.

The a c tiv ity co efficie n ts fo r the two species

on the electrode surface are defined by Eq. 3-9 and 3-10.

y0

= exp [ - (TqqI q + r QRrR) ]

*R * **P [ -

<rRRrR +

rROro ']

(3-9)

(3-10)

where Tqq and TqR are the n o n-ideality or In teractin g parameters
describing the perturbing Influence experienced by a given species of
attached oxidant due to the presence of the other attached oxidant
and reductant, respectively.

r RR and r RQ are the analogous
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parameters fo r a given reductant species.
The current potential behavior fo r cyclic voltammetry is now
described by
2 2

n F A r Tv
*
m
!---------------------RT
(1 + 5 ) 2 -

i

where

5

* = exp

s2

rrT

(3-11)

5

(E - E ^ r f ) + 2 r r Q - rRrT

(3-12)

r = 0.5 (r„ + r R)

(3-13)

r0 = r00 “ r R0 and rR = r RR " r0R

Values of Tq and rR are generally assumed equal (r=rQ=rR) .

Negative

values characterized as "repulsive or d e sta b ilizin g interactions"
produce broadened waveshapes compared to the

mV for r=0.

S ta b ilizin g or a ttra c tiv e interactions (e .g . surface c ry s ta lliz a tio n )
are denoted by positive r values and the waveshape in th is case
becomes narrowed.

Eq. 3-11 f i t s experimental waveforms f a ir ly well

fo r chemisorbed [177] and covalent attached [178] monolayers.
r=0, Eq. 3-11 reduces to Eq. 3-6.

For

The cathodic and anodic currents

are at th e ir peak values at the same p o te n tia l, i . e .

Epa = Epc = Esurf ‘ 2nF ( r 0 " rRJ rT

(3"14)

with equal magnitudes
n2 F2A rT v
*pa “ l* p J

= R T (4 -2 rrj)

(3-15)

The peak potentials are equal but s h ift along the potential axis as a
function of the to ta l surface concentration ( i y ) unless r g = r R.

The

width of the current peak at midheight (Wjy2) '*s

(3-16)

where

P = 3 - r rT + ( r 2 r T 2 -

6

rrT +

(3-17)

8 ) 1/ 2

With polymer-coated [179] or m ultilayer [180] electrodes, the
situ atio n is more complex since the m ajority of the electroactive
centers are no longer in contact with the electroactive surface.
Therefore the theories fo r (sub)monolayer strong adsorption should
not be a p r io r it y , except under special circumstances.

In addition

to the rate of transmission of electrons through the layers, other
factors such as the transport of counterions or of the solvent
through the polymer matrix could influence the voltammetric data and
the rate of reactions.

Further factors such as Inhomogeneity of the

film , nonequivalence of the redox s ite s , interactions between the
electro active centers, and resistance of the film w ill play some role
1

n determining the voltammetric data.
A m u ltilaye r model corresponding to a space-distributed redox-

modified electrode, which can be used to explain the experimental
observations, has appeared recently [1 8 1 ].

In the model proposed by

Laviron's group [182] and by Andrieux's group [183] i t was assumed
th at the electro active sites do not in teract and they are distribu ted
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in a homogeneous layer of thickness i , lim ited on one side by the
electrode and on the other side by the solution as shown in Fig.
3-10.

The transport of the electrons occurs via a hopping process

and the transport of the counterion or of the solvent is not a

electrode

solution

Fig. 3-10

lim itin g fa c to r.

The Multilayer Model.

To help the understanding of the model, the polymer

film is divided Into p-sublayers of thickness e (e = A /p).

The n-

electron (and m-proton) tran sfe r starts in the f i r s t sublayer, then
i t was proposed that the electron (and proton) can jump from one
electro active center of the f i r s t sublayer to another one in the
second la y e r.

By w ritin g the rate of electron exchange from one

layer to the other, one obtains layer j

a r 1 * ki (pj - i * 2 pj + pj+i>

(3-18)

where pj is the concentration of the reduced sites in the
and k]=k 2 cs ^kl * rate

lay er,

el ectron tran sfer between layers, in s"1) ,

k2 being a constant which is proportional to the actual rate
constant, k '

2

(cm3 mol- 1 s_ 1 or i mol- 1 s"1) fo r the homogeneous rate

tran sfe r of electron between two s ite s .

Cs is the concentration of

the sites (to ta l concentration of 0 and R ).

The system defined by

Eq. 3-18 can be shown to be sim ilar to a lin e a r diffusion of a
species £ which obeys the following Fick's second law:

(3-19)

By using a method of f in it e differences, i t can be shown that Eq.
3-19 could be replaced by a system of equations of the form:

(3-20)

By comparison the systems of Eq. 3-18 and 3-20 we can see that the
electron transport is equivalent to the diffusion of a species R
whose diffusion c o e ffic ie n t is

(3-21)

D = e3k j = e ^ 2 Cs

In the analyses of lin e a r potential sweep voltammograms based on
th is model

1

t was found that th e ir shapes and properties depend on

whether the electron tran sfer from the electrode to the f i r s t
sublayer 1s fast or slow.

In the f i r s t case (fa s t electron transfer

from the ele ctro d e), the theories elaborated for a monolayer strong

adsorption can be applied i f the transmission inside the coating is
e ith e r very fa st (equilibrium in the coating) or very slow.

Under

these conditions the cathodic and anodic waves have identical and
symmetrical shapes and the same peak potential values.
current is proportional to v.

The peak

I f the transmission inside the coating

is neither very fa st nor very slow, the anodic and cathodic waves
remain id e n tic a l, but th e ir peak potentials d if f e r s lig h tly (0-40
mV), the waves are broader (90.6/n to 175/n mV), the peak current is
not proportional to v (ip a v^, where x lie s between
t a ilin g appears.

0 .6

to

1

) and a

There is not enough time at the beginning of the

scan fo r the reaction to propagate inside the coating, so that i t
continues to take place even at longer times.

In the second case

(slow electron tran sfer from the electrode) the voltammetric waves
ex h ib it various shapes, depending on the experimental conditions.
For example, i f the scan rate is slow and the transmission inside the
coating is rather fa s t, the shape of a reversible monolayer wave is
observed.

At moderate scan rates and transmission rate s, the wave is

only s lig h tly shifted and a ta ilin g occurs; the influence of the
slowness of transmission inside the coating thus seems to appear
before th at of the exchange with the electrode.

At fa s te r scan

rate s, the peak s h ifts rapidly and its shape tends toward that of the
irre v e rs ib le monolayer peak [1 8 4 ], i . e . the current decreases rapidly
a fte r the peak and AEp increases with increasing sweep rates.
The simple model of m ultilayer surface film proposed by Peerce
and Bard [185] assumed a diffusion process (hopping of electrons or
counterion tra n s p o rt).

When a ll of the redox centers are

electrochemically equivalent and no interaction was f i r s t considered,

the result 1s consistent with the Laviron-Andrieux theory.
Introduction of interactions between the electroactive groups in the
film causes the peaks to become broader (repulsions) or narrower
(a ttra c tio n s ); fo r strong a ttra c tio n s , a current spike was
observed.

Voltammograms, whose shape indicates strong a ttra c tiv e

in teractio n s, can be found fo r example in Ref [1 8 6 ].

Nonequivalent

redox sites with the p o s s ib ility of slow interconversion between them
were also incorporated in the model; they lead to deformation of the
waves or to the appearance of shoulders.

3.4

Applications of Chemically Modified Electrodes
Since possible applications of chemically modified electrodes

o ffe r so much opportunity fo r tru ly novel contributions, this is one
of the reasons why much attention has been focused recently in th is
f ie ld .

As mentioned from the beginning, electrode surfaces can be

t a ilo r made.

This offers some of the greatest promises fo r advances

in a ll chemistry.

These are to be found in the fie ld of

electrosynthesis (e .g . stereo- and reg io sp ed flc reactions),
electroanalysis (sensors), electrocatalysis (energy conservation),
and photo-electrocatalysis.
developments are possible
in Information storage.

1

Furthermore, economically Important new
n electrochemical display technology and

Progress in modified electrodes also draws

on concurrent developments in other areas, especially

1

n

biochemistry, fo r example, to understand the importance of chemical
organization to the s e le c tiv ity and control of chemical processes.

A.

Electrosynthesis

The f i r s t report of using chemically modified electrodes in
electrosynthesis was an example of ch ira l induction.

M ille r and co-

workers [187] used a graphite electrode, modified with covalently
bonded o p tic a lly active (S)-(-)phenylalan1ne methyl ester for the
electroreduction of 4-acetyl pyridine to the corresponding o p tic a lly
active alcohols (Eq. 3 -1 ).

At th is electrode, asymmetric synthesis

of sulfoxides was also possible.

M ille r [188] also demonstrated that

organic v ic -dihalides could be electrochemically reduced at
electrodes modified with polynitrostyrene to give the corresponding
alkenes such as

c6H5CHBr=CHBrC6H5 ■CFrTfr”>C6H5CH=CHC6^5•
3

<3_22)

Samuel'S and Murray [189] used a modified electrode consisting of
(bpy>2 (^ 2 8 ) Ru( H ) bound to polyvinlypyridine in the oxidation of
organic compounds.

In the process R u (II) was electrochemically

oxidized to Ru(IV) which then oxidized the organic compounds.

Three

examples are shown in the -following equations

( ch3) 2choh

-2e

»>

(ch 3 )c=o

(3-23)

(3-24)

(3-25)
+ ^ 0

Osa [190] has reported the selective chlorination of anisole at a
cyclodextrin modified graphite electrode.

Since anisole fitte d

exactly into the cyclodextrin cavity (See Fig. 3-11) th is protected
the ^-p o sitio n from ch lo rin atio n .

The para/ortho isomer ra tio was

obtained in 1 8 /1 .

aC - C D - O H

HIOCL'
O C L'

/ — v

2e
2 Cl"
Cl2 + H20

►
►

Clg

(at anode)

H0C1 + HC1

CD = eC-cyclodextrine
Pig. 3-11

Selective Chlorination of Anisole at °C -Cyclodextrin
modified Graphite Electrode .

Another type of surface modified electrode th at has received much
attention recently in the fie ld of electrosynthesis is enzyme
modified electrodes.

Since stereospeclfic reactions are readily

performed by enzymes [191] th is type of modified electrode shows
promise in the electrosynthesis of expensive paramaceuticals.
important reaction is the regeneration of coenzymes.

B.

Electroanalysis

Cheek and Nelson [192] developed a modified carbon-paste
electrode, made by amide attachment of carbon powder with

A very

diethylenetriam ine 1n the presence of DCC, to analyze fo r metal ions
at trace concentration levels by taking advantage of preconcentration
via complexation followed by electroanalysis.

Under the appropriate

conditions, th is modified electrode could be used to analyze
s i l v e r ( I) ion in aqueous media down to at least the picomolar
region.

The basic p rin c ip le involves complexation of A g(l) by the

surface amine followed by p re c ip ita tio n of A g(I) on the electrode
surface as AgCI when the electrode is exposed to a chloride media;
the p rec ip itate is then reduced electrochem ically and analysis is
carried out on the subsequent anodic stripping peak.
Lane and Hubbard [193] developed an iodide modified platinum
electrode fo r qu an tita tive (in vivo) electrochemical detection of
catecholamines in brain tis s u e .

The catecholamines (dopamine and

norepinephrine) are essential participants in the neurotransmission

✓
✓
Pt

+ I

+ OH'

+ h2o

—H

process.

Under d iffe r e n tia l double pulse voltammetry (DDPV), the

electrooxidation of catecholamines proceed according to Eq. 3-26.
shown below, to give the corresponding open chain o-quinone.
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R

HO

nh2

+ 2e + 2H+ (3-25)

HO

R =

H, dopamine (DA)
OH, norepinephrine (NE)

The iodide attached to the platinum electrode is thought to act as a
bridge in the electron tra n s fe r process.

P o ly (4-v in y lp y rid in e )-

modified electrode, developed by Oyama and Anson, is also very
suitable fo r the detection of metal ions at a low concentration level
(up to 5xl0”8 _M) C1943, and can therefore be useful 1n the analysis
of polluted water, e tc .

The poly(l,2-diaminobenzene) coated platinum

electrode exhibits an almost Nernstian response 1n changes in the pH
and can therefore be used as a potentiometrlc sensor [1 9 5 ].

In

aprotic media (e .g . a c e to n ltr ile ), a poly(vinyl ferrocene) modified
electrode [1 96], can be used as a reference electrode, thus avoiding
concentration dependent liq u id junction p o te n tia l.

C.

Electrocatalysis

Modification of electrode surfaces by catalysts adds an extra
dimension to the scope of e le c tro c a ta ly s is .
can act as a redox c a ta ly tic system.

The modified electrode

For Example, Zagal and his co

workers reported the use of metal phthalocyanlne modified pyro lytic
graphite electrodes in catalyzing the oxidation of hydrazine [197]

and cysteine [1 9 8 ],

The reduction of dibromides such as 1,2-dibromo

phenylethane, l,2-dibrom o-l,2-diphenylethane and 1,2-dibropropane to
the corresponding alkenes occurs re a d ily , in contrast to bare
electrodes, at the surfaces of electrodes covalently modified with
tetra(p-aminophenyl)porphyrin [1 9 9 ],

The reduction of horseheart

ferricytochrome-c is catalyzed by a poly(vinylviologen) modified
electrode [2 0 0 ],

In view of the application in fuel ce lls (methanol

oxygen and hydrogen-oxygen), the e le c tro c a ta ly tic reduction of
dioxygen to water without the release of hydrogen peroxide is being
extensively studied.

02 + 4H+ + 4e"

>

2H20

Although th is equation looks simple, i t is actually quite complex.
The process proceeds through high energy intermediates that cause
sluggish k in e tic s , and i t tends to stop a fte r two electrons and two
protons have been added, producing hydrogen peroxide.

02 + 2H+ + 2e“

>

H202

However, there are certain types of chemically modified electrodes
[201] th at show promise 1n the c a ta ly tic reduction of dioxygen to
water.

One of the electrocatalysts which shows remarkable

e le c tro ly tic effe c ts fo r the reduction of molecular oxygen to water
1s a dicobalt face to face porphyrin modified graphite electrode as
shown below.

Very e ffe c tiv e catalysis has been obtained only when

the two cobalt centers in complexes have four-atom bridges and are

placed symmetrically.

Graphite

The synthetic work involved in the assembly of the catalyst was
carried out by Collman and his co-workers a t Stanford U niversity.
From the evidence of extensive experiments with modified electrodes
coated with th is species, Anson and his co-workers have proposed the
following mechanistic scheme.
th a t labeled D.

The c r itic a l intermediate seems to be

A mechanistic study of metal phthalocyanines as

e le ctro -cataly sts fo r the reduction of oxygen has recently been
published [2 0 2 ].

At an iron-phthalocyanine-modified electrode, the

main reaction is a d ire c t reduction of oxygen to water, while fo r
cobalt phthalocyanine, the reduction product is mainly hydrogen
peroxide.
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F ig . 3-12.

C ata lytic reduction of molecular oxygen to water at a
dicobalt face to face porphyrin-modified graphite
electrode.

A very interesting example of electro catalysis is the catalyzed
reduction of dioxygen to water at a laccase (plant oxidases which
catalyze the oxidation of phenols) modified carbon electrode [203],
The reduction takes place at 1.21 V, which is very close to the
oxygen standard potential (1.23 V ).

A high exchange current density

is also observed, even though the a c tiv ity of Immobilized laccase is
only 4% of its a c tiv ity in solution.

In the presence of hydrogenase,

oxidation of hydrogen occurs at carbon electrodes at a p o te n tia l, and
with an exchange current density, close to that measured fo r the
platinum electrode [2 0 4 ],

In the context of energy conversion i t

would be very in terestin g to apply the enzymes cytochrome c oxidase
and hydrogenase as enzyme modified electrodes fo r catalyzing the
reduction of oxygen and the oxidation of hydrogen respectively.

D.

Chemically Modified Semiconductor Electrodes

Chemically modified electrodes also play an important role in
photoelectrochemistry (U g h t-d riven electrode reactio n ).

Since the

1973 o il embargo th is area of research has received tremendous
attention fo r the hope th at i t can provide a lte rn a tiv e energy
sources.

The chemical modification of semiconductor surfaces can

serve three main purposes

(I)

photoanodic corrosion protection fo r n-type semiconductor
electrodes

(II)

enhancement of photoreduction kinetics on p-type semiconductors

( I I I ) photosensltlzation of n-type semiconductors.

(1)

Photoanodic corrosion protection

When lig h t 1s absorbed by a semiconductor, i t raises an electron
from a set of o rb ita ls called the valence band to the set called the
conduction band.

This process leads to a photocurrent 1n which

valence band hole states are discharged at the semiconductorsurface
which 1s 1n contact with the e le c tro ly te while the electron in
conduction band goes in to the internal c ir c u it.

the

The process is well

known fo r an n-type semiconductor (low band gap) and leads to the
degradation of the semiconductor which is illum inated.

A common

problem fo r the process is th at holes arrivin g at the semiconductor
in terfac e oxidize the semiconductor rather than the intended reactant
in so lution.

The oxidation occurs because the formal potential for

the corrosion reaction is more negative than that of the valence band
surface p o te n tia l.

This not only corrodes the semiconductor m aterial

but may introduce states or form a passivating layer.
The Idea fo r solving th is problem is to attach a redox substance
whose formal potential is also more negative than the valence band
potential EyB, so th at the oxidation of the redox substance can
compete with photoanodic corrosion (see reaction below)

Anode:

hv/bandgap absorption
hole + surface R

> 5 + hole
> surface 0

surface 0 + solution (R1) ------ > surface R + solution (O ')
cathode:

solution(O ') + 5 -------> solution (R*)

Wrighton and co-workers [205] were the f i r s t group who came out with
the idea of surface modification based on polymeric film s of
organosllane ferrocene reagents on s u p e rfic ia lly oxidized n-Si
electrodes.

This ferrocene surface helps to s ta b iliz e the

Illum inated n-S1 which 1s in contact with aqueous media and keeps the
photocurrents flow fo r many hours with only a very gradual decline in
current output.

In the dark, only the reduction process of

ferrocene/ferrlcenium is observed.
Another d iffe re n t idea of preventing photoanode corrosion was

suggested recently by Noufi et a l. [2 0 6 ].

In th e ir procedure a film

of polypyrrole (~ 140-1200A th ick) was b u ilt up on n-GaAs and n-Si by
photooxidation of pyrrole on the electrodes.

This film of organic

conductor accepts hole states from the bandgap excited n-Si interface
and rapidly conducts them away to be consumed by F e ( II) in the
contacting aqueous media.

This technique provides dramatic

photoanodic s ta b iliz a tio n .

(ii)

Enhancement of photoreduction kinetics

The use of sunlight to generate hydrogen fuel from photochemical
s p littin g of water is a fast-growing area of research in te re s t due to
the world energy problems.

The idea is to generate electrons in the

conduction band of p-type Si by irra d ia tio n with photons and then
bring these electrons to the electrode surface, which is in contact
with aqueous e le c tro ly te s , by exploiting the internal e le c tric fie ld
w ithin the c ry s ta l.

F in a lly , these electrons would be captured by

the reduction of water.

2 H20 + 2e"

>

H2 + 2 OH"

However, i t has now been recognized that small band-gap p-type
semiconducting m aterials lik e Si have rather poor surfaces from which
to evolve H2 [2 0 7 ].

This is because the rate of H2 generation does

not compete with e - h+ recombination at a small band bending where
both a reversible output photovoltage and a reasonable photocurrent
could, in p rin c ip le , be re a liz e d .

Thus efficiency Improvement hinges

on being able to accelerate the rate of H2 evolution from the

surface
One approach to solve the problem is to increase a life tim e of
the conduction-band electrons at the surface by in h ib itin g the
recombination with holes.

A method to accomplish the goal is met by

capturing the electrons on reducible 4,4'-bipyr1d1nium (paraquat)
moieties w ithin the coated polymer film s which is formed from
organosilane viologen monomer 1.

1

The kinetics of reduction and reoxidation of the paraquat centers are
very fa c ile so they are adept at both capturing the electrons from
the semiconductor surface and d istrib u tin g them by electron s e lf
exchange throughout the polymer.

However, the kinetics of hydrogen

evolution at the paraquat modified silico n electrode is s t i l l not
very fa c ile in most chemical situations since the process involves
the breaking and making of strong chemical bonds and therefore passes
through high energy Intermediates.

Wrlghton and his co-workers [208]

solved the problem by Incorporation of very small clusters of
platinum (0) into the viologen film s by reduction of PtClg2”
e le c tro s ta tic a lly bound in the polycationic film .

The f i r s t step in

generation of P t(0) species was to expose the polymer modified
electrode surface to a solution of PtClg2’ so th at th is platinum
complex would exchange Into the film with bromide 1on.

A fte r th a t, a

b r ie f Irra d ia tio n of the assembly then produced conduction band
electrons which were captured by paraquat sites w ithin the film and

u ltim ately were used to reduce platinum to its zero valence s ta te .
The processes of making the modified electrode surface are shown
below.

P-S1+n l - E O T -

P-S1/C(PQ2+) n-2nBr-3surf

V

p -S i/[(P Q 2+)„-2 n B r-]surf + PtCl62' * P-S i/[(P Q 2+) n-nPtCl62- ] surf
+2nBr“
hv>E , o .lH KBr
P-S i/[(P Q 2+) n.nPtCl62- ] surf -.0.3? »s 5CE " - > P-S1/C(PQ2+)„ -n P t(0 ).
2nBr"]surf + 6nCl“

The surface modified p-type semiconductors are now capable of
photochemical evolution of hydrogen, even at high lig h t fluxes, over
extended periods.

Wrighton and his co-workers proposed the mechanism

fo r H2 evolution from illum inated p-Si/[(PQ^+) n*nPt(0) •
2nX"]surf contacting with an aqueous media as follow s.

P-S1 / [ (PQ2+)„ *nPt (0) ] surf * ^ Ia > P-S1/[(PQ+ ’ )„ * n P t(0 )]sllrf

p-S1/[(PQ+ , ) n.P t ( 0 ) ] surf+nH20 * 1/2 nH2+n0H~+p-S1 C(PQ2+) n -nPt(0 )nsurf

This mechanism can be represented in picture as shown in Fig. 3-13.
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P'SS'iiconductcr

Fig. 3-13

Aqueous Solution

Photo-assisted hydrogen evolution at [(PQ2+/ +* ) n.n P t(0 )] modified p-type s ilic o n semiconductor electrode.
PQ = N ,N '-b is [3 -(trim e th y ls ily l)p ro p y l]-4 ,4 '-b ip y rid in iu m
dibromide; the photovoltage, Ey, is the difference in Ef
and E®' (H2 O/H2 ) .

The arrows show the flow of electrons

indicating that the Ptn p a rtic le s come into equilibrium
with the reduced PQ2+.

(1i i ) Photosensitization at surface-modified semiconductors
Most n-type semiconductor electrodes th at have large band gaps
(e .g . Ti02 » Snt^, e tc .) face less serious photocorrosive reactions
during irra d ia tio n in aqueous media.

However, these electrodes are

sensitive only to a small short-wavelength frac tio n of the solar
spectrum (UV lig h t ) .

The UV lig h t, of course, is not easily passed

through the earth's atmosphere and therefore only very small
photocurrents can be obtained from these photoelectrodes.

However,
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the e ffic ie n c y of solar conversion by photoelectrodes can be improved
by m odification of the electrode surfaces with appropriate organic
dyes (e .g . phthalocyanine, erythrosin, rhodamine B, rose bengal,
uranine, e tc .) and organometallic complexes such as Ru(bpy)32+
dissolved in solution [2 0 9 ],

These highly colored dyes absorb the

v is ib le radiation and the excited state of dye then undergoes
electron tra n s fe r to the conduction band of the semiconductor
surface.

This technique makes the photosensitivity of the electrode

s h ift from the UV region towards the v is ib le region.

The process is

called s e n s itiza tio n ; the dye is called a sen sitizer and the solution
phase reductant (e .g . hydroquinones, triethanolam ine, e tc .) which
regenerates the reduced dye a fte r photooxidation is called a
supersensitizer.

The s t a b ility and efficien cy of the photo

electrodes in aqueous solution can be Improved by covalently
attaching or absorbing the sen sitizer molecules to the electrode
surface.

Such surface modification can help to confine a high

concentration of molecules to the surface while keeping the solution
free of dye to lessen the f il t e r in g e ffe c t.
been extensive.

Work In th is fie ld has

A p a rtic u la rly nice example was the work of F u jih ira

and his co-workers [210] who described the surface modification of a
photocell with a rhodamine B (RhB-COOH) s e n sitizer by an ester
linkage as shown in Eq. 3-27.

A

H— OH

RhB-COOH

DCC

3

0
II

M — 0— C— RhB

(3-27)
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The quantum efficien cy of th is photoelectrode in a hydroquinone
solution was about 9%.

However, they la te r improved the quantum

e ffic ie n ty to about 25% by an ester linked tetra(£-chlorocarbonylphenyl)porphyrin on Sn02 electrode.

They also observed th a t in order

to increase the efficie n c y of spectral sen sitizatio n , the sen sitizer
should be bound as close as possible to the electrode surfaces.
Other examples of covalently bound sensitizers on Sn02
electrodes have been reported by Armstrong and co-workers [2 1 1 ], Fox
and co-workers [2 1 2 ], and Ghosh and Spiro [2 1 3 ], Masashi and co
workers [214] and on Ti02 by Anderson e t a l . [2 1 5 ].
w ill not be discussed here.

However they

CHAPTER 4

RESULTS AND DISCUSSION

4.1

Synthesis of Polymers with Low Glass Transition Temperatures
A.

Preparation o f 2-Etho*yethyl Methacrylate

2-Ethoxyethyl methacrylate was used in the synthesis of
poly(vinylbenzyl chioride-co-2-ethoxyethyl m ethacrylate).

Although

survey of the lite ra tu r e showed there were a number of approaches
th at probably could be used to prepare th is monomer as shown in
Scheme 4 -1 , we decided to choose the procedures in path c and d

Scheme 4-1

Possible Approaches fo r Preparing 2-Ethoxyethyl
Methacryl ate

I 3
CH0=C-COOCH0 +

xc^ocy^ +

ch2=c-c -om

o
X = Cl, Br, I M = Na+,

TsOH

(a)
'

(b)

A * removal
of CH^OH
T

c=o

HMPA or DMF
R.T.

3

i

OH

0

OH
1

(c)

II
0

Hocy^ocy^

H

H0cyy)c2H5

fo r our investigations because a ll startin g materials required in
both processes were commercially available and both were one step
processes.

The trans e s te rific a tio n procedure [216-217]

(path a) was

also a one step process but under trans e s te rific a tio n conditions i t
might have beenpossible that a p a rtia l decomposition of
ethoxyethanol would lib e ra te ethylene g lyco l.

2

-

Production of the

diene, ethylene glycol dimethacrylate, could give ris e to crosslinked polymer in the polymerization step.

Haken [218] reported that

a-ethoxyethanol formed two products on reaction with methyl
methacrylate, (a ) o-ethoxyethyl e s te r, and (b) ethylene glycol
dimethacrylate in about

1 0

% y ie ld .

In the attempt to prepare 2-ethoxyethyl methacrylate employing
the reaction between methacryloyl chloride and

2

-ethoxyethanol in the

presence of pyridine at 50-60°C for 30 min (path c ), we found that
th is process gave, a fte r working up the reaction, the crude ester in
less than 3 percent y ie ld .

I f the reaction was carried out at higher

temperature polymerization of the monomeric ester could not be
avoided so we decided to Investigate the e s te rific a tio n reaction in
path d.
The reaction between methacrylic acid and 2-ethoxyethanol under
acidic catalyst (concd. l^SO^) in the presence of

2

, 6 -d 1 -£ -b u ty l-£ -

cresol and phenothiazine as in h ib ito rs was conducted in refluxing
benzene.

The by-product, water, was removed as a binary azeotrope

with benzene.

Thus the reaction could be driven almost to completion

by th is technique.

The in h ib ito r system also prevented

polymerization from occurring e ffe c tiv e ly since we observed that only
a small amount of polymer formed in the reaction flask during the

removal of benzene solvent and p u rifica tio n step.

This procedure

gave more than 80% y ie ld of the desired monomeric e s te r.
B.

Syntheses of Homopolymer and Copolymers

Bulk polymerization techniques were used to synthesize
poly(vinyl benzyl chloride) homopolymer and copolymers of methyl
methacrylate and of

2

-ethoxyethyl methacrylate.

This method of

polymerization has many advantages including: high rates of
polym erization, high molecular weight and mostly very pure
polymers.

The disadvantages of the technique such as the d iffic u lty

of removal of the heat of polymerization, potential in s o lu b ility of
polymer in the monomer, and side reactions such as chain tran sfe r
with the polymer did not re s tric t our application because our aim was
to do a small scale low conversion polymerization; therefore this
method seemed to o ffe r more advantages than disadvantages.
(i)

Preparation of poly(vinyl benzyl ch lo rid e ), 2

The homopolymerization of vinyl benzyl chloride was carried out
in sealed tubes immersed in an o il bath at 60°C fo r 2 1/4 h using
AIBN as a free radical in it ia t o r .

A ll free radical in h ib ito rs in the

commercial vinyl benzyl chloride monomer including dissolved oxygen
were removed before the monomer was subjected to polym erization.

The

white homopolymer th at we obtained had the appearance of popcorn-like
s o lid ;

1

t was soluble

1

n dichloromethane, chloroform, benzene and

toluene therefore i t was a lin e a r polymer.

The in trin s ic viscosity

in benzene at 30°C of 0.438 dL/g Indicated that 1t was a high
molecular weight polymer.
(11)

Preparation of poly(vinyl benzyl chloride-co-methyl
m ethacrylate), 3a-e.

Five sets of copolymerization reactions between vinylbenzyl
chloride and methyl methacrylate were carried out at 60° using AIBN
as a free radical in it ia t o r .

The general reaction was shown in Eq.

4-1.

>„

<r

7>

AIBN

OCH3

(4 -1 )

3a, x=0.19, y=0.81
b, x=0.37, y=0.63
c, x=0.59, y=0.41
d, x=0.72, y=0.28
e , x=0 . 8 8 , y=0 . 1 2

The monomer ratio s both in the feeds and copolymers, reaction
conditions, percent yield s and visco sities of the copolymers are
shown in Table 4-1 while the characterization data of the products

Table 4-1

Copolymer

Results of Vinylbenzyl Chloride - Methyl Methacrylate Copolymerization Reactions

Si

Monomer feed

No.

mol %

Q

Copolymer
composition^mol %

Copolymer
conversion^

<

(dl g

VBC

MMA

VBC(x)

MMA(y)

3a

10

90

19

81

64

0.73

3b

30

70

37

63

81

0.56

3c

50

50

59

41

55

0M

70

30

72

28

44

0.45

90

10

88

12

58

0.48

3e

a

VBC = Vinylbenzyl chloride, MMA = Methyl methacrylate

^

Based on elemental analysis (Galbraith Laboratory Inc.)
Based on the total monomer feed

^

In benzene at 30°C

e

o
Reaction temperature 60 C

Reaction conditions

i
1)

Time(h)

3
4
4

4

0

Table U-2

Characterization Data of Copolymer Ja.-e
T

Copolymer

'

1H NMRCCDCl^)

No.

Chemical shifty splitting
(6)

P

CHgCl

OCH3

IR(film)
Assignments

Frequency

Assignments

(cm-1)

pattern

Similar to the copolymer No. 3°

Elemental analysis

Similar to the copolymer

Anal. Foundt 0,61.24}

No. 3c

H,7.58| Cl,5.55.

3b

Anal. Foundt C,6 3 .90}

A/

H,7.11j Cl,10.8 6 .
3c

0 .3 -1 .0 , bm cC-methyl group of methyl

1605, 1590, VC=C (phenyl

tacticities

1UU5

2 .12-2 .5 , bm
bs

vc=o

methacrylate in differt (

1 .1-2 .1 , bm

2.85,

1720

nucleus)

methylene protons of the

1270,1210,. Vc-0

two monomer units

1150

backbone methine protons

-COOCH3

in Sffi triad

765

VC-C1

Anal. Founds 0,66.22}
H,6.69j Cl,15.93.

Table 4-2

Continued

Copolymer
No.

Chemical shift, splitting
(<f)

3c

IR(film)

*H NMR(CDC13)
Assignments

pattern

Frequency Assignments
(cm”1)

3 .30, bs

-COOCH^ in MMS triad

3.50, hs

-COOCH^ in MMM triad

4.49, s

Ar-CHgCl

6.4-7.4, bm

Ar-H

( the relative intensities of -CHgCl i -COOCH^ = 0.62
3i

Similar to the copolymer No. 3c
AS

t

O.38)

tt

*

Similar to the copolymer

Anal. Foundi C,68.22;

No. 3c

H,6.28; Cl,18.57.

/*-

3e

Elemental analysis

II

Anal. Foundi C,69.80|
H,6.28 j C1,21.32.

VO

cn

96

% VBC,COPOLYMER

100

20

0

20

60

40

80

100

% VBC,FEED

Fig. 4-1

The relationship between % VBC in the feed and
in the copolymer products ^a-e and fja-f.
©

copolymer 3a-e;

& copolymer 4a-f.

are shown 1n Table 4-2.

The relationship between % VBC in the feed

and in the copolymer products 3a-e is shown in F ig . 4 -1 .

All

copolymer products were white and dissolved in dichloromethane,
chloroform, benzene and toluene but not in methanol and
a c e to n itr ile .

Their physical properties varied with the copolymer

composition, i . e . the copolymers containing a high percentage of
vinylbenzyl chloride were hard and b r it t le while the copolymers
containing high percentages of methyl methacrylate were more soft and
tough.

Other properties such as glass tra n s itio n temperature (Tg)

and swelling properties also varied with monomer compositions.
Accordingly our main purpose was to change the monomeric ratios in
the products so that we could study the e ffe c t of the polymer
backbone on a cyclic voltammetric redox sequence of
ferrocenecarboxylate esters coupled to the polymers.

(iii)

Preparation of poly(vinylbenzyl chloride-tg-2-ethoxyethyl m ethacrylate), 4 a -f.

Six sets of copolymerization reactions between vinylbenzyl
chloride and 2-ethoxyethyl methacrylate were also carried out at 60°C
(except copolymer No. 3a) using AIBN as a free radical in it ia t o r .
The reaction was shown in Eq. 4 -2 .

The monomer ratios both in the

feeds and copolymer products, reaction conditions, percent y ie ld s ,
and visco sities of the copolymers are shown 1n Table 4-3 and the
characterization data of the products are shown 1n Table 4 -4 .

The

relationship between % VBC in the feed and in the copolymer
products 4 a -f is shown 1n F ig . 4—1.

A ll copolymer products were

colorless and dissolved in dichloromethane, chloroform, benzene and

98
CH0
l 3

+ CH2 =C— C-OCHgCHgOCHgCH^
CH2C1

AIBN
60°C

( ^2

)

▼
CH3

♦H 4V
CH0C1
2

c=o

I

och2 ch2 och2 ch3

4a,

x=0.79

y=0.21

b,

x=0.61

y=0.39

c,

x=0.44

y=0.56

d,

x=0,24

y=0.76

e,

x=0.35

y=0.65

f,

x=0 . 1 1

y=0 . 8 b

toluene but not in methanol or a c e to n itr ile .

The s o lu b ility of

copolymers in th is case was influenced more d ra s tic a lly by the
methacrylate copolymer, since we observed in our f i r s t t r i a l that the
copolymer formed from a 10:90% mixture of vinylbenzyl chloride to 2ethoxyethyl methacrylate at 70°C was p a r tia lly soluble in methanol.
No methanol soluble copolymers were obtained at any ra tio using
methyl methacrylate as a comonomer.

These copolymers were softer

than poly(vinylbenzyl chioride-co-methyl methacrylate) which
contained about the same percentage of vinylbenzyl chloride
monomer.

This was due to the presence of a higher number of

methylene units and oxygen atoms in
in methyl methacrylate.

2

-ethoxyethyl methacrylate than

The polymer side chain of poly(vinylbenzyl

chloride-co- 2 -ethoxyethyl methacrylate) exhibited higher segmental

Table 4-3

Copolymer

Results of Vinylbenzyl Chloride -2-Ethoxyethyl Methacrylate Copolymerization Reactions

Monomer feeda

No.

mol %

Copolymer
composition^.mol %

Copolymerc
conversion,#

r >d

[nJ 1
(dL g 1)

Reaction conditions
Temp, • Time
°C

VBC

EEMA

4a

80

20

79

21

54

0.34

70

4b

60

40

61

39

66

0.74

60

4c

40

60

44

56

51

0.58

60

4d

20

80

24

76

56

0.80

60

4e

30

70

35

65

67

O .6 3

60

4f

10

90

11

89

74

0 .9 0

60

9*

VBC(x)

a

EEMA = 2-Ethoxyethyl methacrylate.

^

Based on elemental analysis

c

Based on the total monomer feed

^

In benzene at y P c

EEMA(y)

h

1

4
4
4

%

4

VO
VO

Table 4-4

Characterization Data of Copolymer 4a-f

(

)

f

V

CHgCl

Copolymer
No.

NMRCCDCl^)

s4a
'

Assignments

Frequency

pattern

methylene protons

1.61, 2.21, methine proton

Assignments

(cm-^)

3060,3030

0.17-1.41, bm,-0CH„CH_, -CH„-C-3
*
C=0

1.43, bs

Elemental analysis

IR(film)

Chemical shift, Splitting
((f)

iCH2CH20CH2CH
OCHg

-HC-CHg-

Ar

^C-H , aromatic

2930

14J-H, aliphatic

1710

Vc=o

Anal. Founii C,68.44;
H,6.58; Cl,18.20.

1600,1580
VC=C, aromatic
1505, 1480

3 .71-3 .88, bm

f j

-C-COOCHgCHgOCHgCH^

4.45, bs

Ar-CHgCl

7.06, 7.25

Ar-H

(the relative intensities of -CHgCl

4b

Similar to the copolymer No. 4a

1260,

^C-0

710

VC-C1

1 -COOCHgOTgOCHgCH^ = 0 . 2 2 t O.78)
Similar to the copolymer

Anal. Founii 0,66.69;

No. 4a

H,7.07; Cl, 13.86.

o
o

Table 4-4

Continued

Copolymer
No.

*h

Chemical shifty splitting
(6 )

4c

4d

Assignments> Frequency

pattern

Similar to the copolymer No. *ja

II

Elemental analysis

IR(film)

n m r Cc d c i ^)

Assignments

(cm-1)

Similar to the copolymer

Anal. Foundi C,64'.87;

No. 4a

H,7.66j 01,10.80.
•1

* *

Anal. Foundt 0,62.89;
H,7.66; Cl,10.80.

he

It

II

Anal. Foundt C,63.73;
H,7.96; Cl,8.02.

4f

It

II

Anal. Foundt C,63.72;
H,8.31; Cl,2.47.

o

m obility than in the poly (vinyl benzyl chioride-co-methyl
methacrylate) case.

The physical properties of the copolymers in

th is series also varied w ith copolymer compositions; the copolymers
having a high percentage o f

2

-ethoxyethyl methacrylate were soft and

tough (low Tg) and swelled rapidly while those containing high
percentages of vinylbenzyl chloride had opposite properties.

4-2

Chemical M odification of Polymeric Matrices

A.

Chloromethylation of the Preformed Polysulfone.

Polysulfones (PSF) are important engineering thermoplastics that
display excellent resistance to hydrolysis and oxidation and, at the
same tim e, excellent mechanical properties such as good thermal
s ta b ility and toughness [2 1 9 ].

These properties of polysulfones

provided many advantages fo r many applications.

The most important

commercially availab le example is Udel polysulfone (structure 5);

5
n = 50-80, Tg = 190° C

i t is produced at th is time by Union Carbide Corporation.

I t has

many applications as a molding resin such as in appliances and
cookware, e le c tric a l and electronic equipment, medical products,
e tc .

The range o f potential applications can be extended by chemical

modification of it s basic structure.

Chloromethylation has proved to

be one of the most v e rs a tile and re lia b le routes to functionalized
polysulfones.
A variety of reagents and catalysts have been reported and a
wide range of loadings can be achieved with reasonable
rep ro d u cib ility [2 20].

One of the very convenient and e ffic ie n t

chloromethylating reagents fo r aromatic substrates and polymers is
4

chloromethyl methyl ether (CME).

I t 1s commercially available and

also can be prepared easily under mild conditions.

(i)

Preparation of chloromethylating agent

Although CME was a very convenient and e ffic ie n t chloro
methylating agent, i t is lis te d as a suspected mild carcinogen and
commercial preparations usually contained strongly carcinogenic
b1s[chloromethyl]ether (BCME) [221],

We decided to choose the method

of Amato et a l . [222] fo r the preparation of th is reagent since i t
was claimed to be free of BCME and i t required no work-up or d irec t
handling of the reagent.
conditions.

The synthesis also proceeded under mild

I t involved the reaction between acetyl chloride and

anhydrous dlmethoxymethane in the presence of a c a ta ly tic amount
6

%) of methanol at room temperature.

The process started by methanol

entering the reaction with acetyl chloride to give hydrogen chloride
(Eq. 4-3) which then reacted with dimethoxymethane to form CME in an
equilibrium step (Eq. 4 -4 ).

CH3 C0C1 + CH3 OH

■>

CH3 0CH2 0CH3 + HC1 4 "

HC1 + CH3 COOCH3

(4-3)

CH3 0CH2 C1 + CH3 OH

(4-4)

6

The equilibrium was displaced to the rig h t by re-e n try of methanol
in to Eq. 4 -3 .

A fte r allowing the reaction mixture to s t i r at room

temperature fo r 36 h, an nmr assay of the solution indicated the
presence of 88-91% of CME.

The reagent was ready fo r use in

chloromethylation of PSF without fu rth e r p u rific a tio n .

The

preparation, handling and uses of th is reagent must be performed in
an e ffic ie n t hood.

(ii)

Chloromethylation of polysulfone

Chloromethylation of a preformed Udel PSF was performed
sim ila rly to the procedure previously described by Wu [2 2 3 ],

In th is

procedure a solution of the preformed PSF in 1 ,1 ,2 ,2 -te tra c h lo ro ethane was chioromethylated with CME in the presence of stannic
chloride as a c a ta ly s t a t a re flu x temperature or at 100°C fo r a
certain period of time (1 /2 -3 h) before the catalyst was deactivated
with water or methanol.
shown in Eq. 4 -5 .

The general chemical transformation was

No cross-linking associated w ith gel formation was

observed during the reaction period.

In order to recover

chloromethyl polysulfone (CfPSF) products, two d iffe re n t work-up
processes were used.

The f i r s t one involved removal of low boiling

fractions (mainly methyl acetate and CME), a f te r deactivation of the

catalyst with water, by simple d i s t illa t io n , followed by vacuum
d is t illa t io n to p a r tia lly remove the solvent u n til the reaction
mixture volume was reduced to about one th ird of the i n i t i a l volume.
The product was recovered by pouring the reaction mixture into a
large excess of methanol, f ilt e r in g and drying.
employed fo r CMPSF No. 7a and 7b.

This procedure was

In the second method (applied to

CMPSF No. 7c, 7d and 7e), the low boiling point materials and the
solvent were not removed a fte r adding methanol to the cool reaction
mixture to deactivate the catalyst but the to ta l reaction mixture was
poured into a large excess of methanol.
f il t r a t io n and drying.

The CMPSF was collected by

The crude products from both cases were

fu rth er p u rifie d by redissolving in dioxane and f ilt e r in g ; the
f i l t r a t e was then precipitated from a large excess of methanol,
followed by washing successively with 40% aqueous dioxane, 40%
aqueous dioxane containing 10% concentrated hydrochloric acid, water
and methanol.

This p u rific a tio n procedure seemed to remove stannic

chloride catalyst residues b e tte r than washing with methanol alone.
The experimental conditions and some product data were shown 1n Table
4 -5 .

The characterization data of the products were shown in Table

4 -6 .

From Table 4-5 1t was indicated th at CMPSF No. 7a and 7b had a

rather high degree of su b stitu tio n , comparing to CMPSF No. 7c, 7d
and 7e, 1n spite of employing short reaction tim e.

The reason fo r

th is was probably due to a post reaction th at occurred during the
removal of the solvent; the catalyst was only p a rtia lly deactivated
by water.

This type of post reaction was observed 1n some of the

experiments, where a g e l-lik e m aterial was formed during the solvent
removal.

Retardation of a chloromethylation reaction by methyl

106

+ ClCHgOCH^

{ 0_O ~ h © " 0- Q -802
i

(C H p C l)

‘

x

A 01" '

C^CHCHClg

(Z f-5)

J n

7a, x = 1.49
b, x = 2.38
c, x = 0.48
d, x = 1.06
e, x = 1.22

acetate contained in the chloromethylating agent may be more
e ffe c tiv e at lower reaction temperatures.

This la t t e r phenomenon

would lower the D.S. value of CMPSF No. 7c, 7d and 7e.

The g e l-lik e

material which did not dissolve in chloroform was also observed to
form during the drying step in some of the samples.

This type of

cross-1 Inked CMPSF was believed to be formed by in tra or
intermolecular F ried el-C rafts alkyl ation of the lin e a r CMPSF in the
presence of a small amount of stannic chloride catalyst [224],

B.

Preparation of Cesium Ferrocenecarbo*ylate.

Our approach used in the preparation and p u rific a tio n of cesium

Table 4-5

Product
No.

Results of Chloromethylation of Polysulfones (PSF)

PSF
wt(mmol)

PSF/CMME/SnCl^
(mol ratio)

Reaction conditions^
Temp.
°C

7a

I0.0g(22.5)

1/19.3/0.1

refluxd

7b

i0.0g(22.5)

1/19.3/0.1

reflux4

7c

5.0g (11.2)

1/19/0.1

100

7d

5.0g (11.2)

1/19/0.1

7e

5.0g (11.2)

1/19/0.1

D.S.°

Chlorine content

yield (#)

meq Cl/g resin

Time
h

1

1.49

2.89

90

2.38

4.29

92

1

0.48

1.07

94

100

2

1.06

2 .2 3

97

loo

3

1.22

2.45

91

2
A

a

CMME = Chloromethyl methyl ether

^

1,1,2,2-Tetrachloroethane was used as a solvent

c

D.S. = Hie average CHgCl group per polymer unit

4

Following Wu's methodj commercial CMME was used and the reaction temperature was about 80-95 ° C

(ch 2c i )x
Table 4-6

Characterization Data of Chloromethylated Polysulfones 7a-e

™3
Copolymer
No.

NMR(CDCl^)
Chemical shift, splitting
(<J )

7a

IH(film)
Assignments

pattern

7c

Assignments

(cm-^)

1.70, s

methyl protons

3030,VC-H, aromatic

Anal. Found* C,6 5 .70?

4.54, s

Ar-CHgCl

2975* ^C-H, aliphatic

H,4.?i? 01,10.42;

6.79-7-10,

aromatic c & d protons

1580, 1485,^C=C, aromatic

7.11-7.29*

aromatic e protons

1325, 1295, KgL ^ s = o

7.30-7.44,

aromatic f protons

1245, V C-0-C aryl ether

7.79-7.95*

aromatic g protons

1150, j/ 0=S=0
s

(the relative intensities of -CHgCl i -CH^
7b

Frequency

Elemental analysis

Similar to the copolymer No. 7a
A-

S,6.34.

= 1 . 2 * 1)

Similar to the copolymer

Anal. Found* 0,62.07?

No. 7a

H,4.73? 01,15.21? S,5-78.
Anal. Found* 6 9 .32? H,
5.01; Cl,3 .86 ; S,7.28.

o
CO

Table 4-6

Continued

No.

Chemical shift, splitting
(ef)

7d

7e

**

Assignments

Frequency

Similar to the copolymer No. 7a

Assignments

(cm-1)

pattern

It

Elemental analysis

IR(film)

NMR(CDC13)

Copolymer

Similar to the copolymer

Anal. Founii C,67«59j H,4.66;

No. 7a

C1,7.63j S,6.51.

It

Anal. Foundi C,67.631 H,4.67i
Cl,8.60} S,7.27.

o

lO

ferrocenecarboxylate was based on the s o lu b ility rule of thumb which
could be summarized b r ie fly as " lik e dissolved lik e " .
ferrocenecarboxylic

Since

acid contained twocyclopentadienyl rings and one

carboxyl group, i t therefore dissolved in a more hydrocarbon-like
solvent such as THF.

However, when the carboxylic acid group was

converted to the ionic group as cesium carboxylate s a lt the p o larity
of the s a lt product

changed d ra s tic a lly from the s ta rtin g

ferrocenecarboxylic

acid and therefore i t was no longer dissolved in

THF.

This difference in s o lu b ility between ferrocenecarboxylic acid

and cesium ferrocenecarboxylate made i t easy to separate and to
pu rify the s a lt product.
Another a lte rn a tiv e attempt of preparation of cesium
ferrocenecarboxylate consisted of dissolving ferrocenecarboxylic acid
in isopropanol, followed by t it r a tio n with a cesium hydroxide
solution u n til the pH of the solution was about 8 .5 .

The cesium

ferrocenecarboxylate was recovered by evaporation of the solvent.
However, th is procedure yielded a more impure s a lt .

C.

E s te rific a tio n of Polymers.

Two primary methods have been Investigated fo r the conversion of
the chloride group 1n the polymer to ferrocenecarboxylate e s te r.
These two principles have been mentioned in path (b) of Scheme 4 -1 .
The f i r s t method involves the Incorporation of the ester group by
nucleophllic displacement of the chloride in the polymer by cesium
ferrocenecarboxylate 1n an aprotic polar solvent such as
hexamethylphosphoramide (HMPA).

The second method u tiliz e s a phase

tran sfe r catalyst (tetra-n-butylammonium chloride (TBAC)) to promote

Ill
the displacement of chloride in the polymer by cesium
ferrocenecarboxylate.

(i)

E s te rific a tio n of poly(vinylbenzyl c h lo rid e ), 2
(a)

Homogeneous displacement process

Displacement reactions in HMPA were attempted using a procedure
of Shaw and his co-workers [2 2 8 ], with some m odification.

A solution

of the homopolymer 2 in toluene was reacted with cesium ferrocene
carboxylate dissolved in HMPA at room temperature fo r 80 h.

HMPA was

used as a cosolvent in th is case because the cesium s a lt of fe rro 
cenecarboxylate could be dissolved in i t d ire c tly .

Addition of the

s a lt solution to a toluene solution of the polymeric substrate
produced a homogeneous reaction m ixture.
ionization of benzyl ch loride.

HMPA promoted the

This process not only increased the

ease of nucleophilic substitution of the chloride by cesium fe rro 
cenecarboxylate (Eq. 4-6) but also promoted the displacement of the
chloride by an aromatic nucleus (Eq. 4-7) from the same or d iffe re n t
polymer molecule.

X
O

”
*

HMPA/Tolume

«fc°000B —

CH_C
™
2 c 1i

T|

►

-

r^ »

I© )
^ m

+

n - A C1
2o

7

HHPA/Toluene
c

(iK 6 )

*

2

n

M

The reaction in Eq. 4-7 would give ris e to a cross-linked polymer.
There was an a lte rn a tiv e pathway th at would lead to cross-linking of
the polymer.

I t is shown in the following Equation (4-8)

(4 -8 )

The chemical reaction in Eq. (4 -8 ) could be an in tra - or in te r molecular cross-linking which resulted in the gel formation.

We did

observe a gel formation in the e s te rific a tio n of poly(vinylbenzyl
chloride) which started to occur a fte r s tirrin g the reaction mixture
fo r about 8-10 h and the gel formation increased as the reaction time
increased.

This confirmed th at the aromatic nucleophilic

substitution reaction of chloride occurred in th is process.
Therefore we needed to use other methods for the preparation of the
ester of poly(vinylbenzyl chloride) homopolymer.

(b)

E s te rific a tio n of poly(vinyl benzyl c h lo rid e ), 2,
using PTC

A r e la tiv e ly new, e ffe c tiv e displacement technique involves a
two phase reaction between the reagents in so lid or aqueous form and
substrates in organic solvents in the presence of phase tran sfer
catalysts (PTC).

Typically these catalysts are onium salts or

complexing agents fo r a lk a li metal cations such as crown ethers,
cryptates or th e ir open chain analogues [2 2 6 ].

The technique

originated from the research work of three independent groups.

Its

foundations were la id in the mid to la te 1960's by M. Makosza, C. M.
Starks, and A. Branstrom.

The term "phase tran sfer catalysis" was

coined by Starks and he was the f i r s t one who proposed the original
PTC mechanism [2 2 7 ],

PTC appeared as a technique fo r overcoming

problems of mutual s o lu b ility as well as offering the potential for
activatio n of anions.
The e s te rific a tio n o f poly(vinylbenzyl chloride) was performed
under PTC conditions.

In th is procedure a solution of

poly(vinylbenzyl chloride) in toluene was allowed to react with an
aqueous cesium ferrocenecarboxylate solution at 90°C under an in e rt
atmosphere in the presence of TBAC as a phase tran sfer c a ta ly s t.

The

reaction went smoothly and gave about 92 percent conversion a fte r 36
h.

The reaction is shown in Eq. 4-9.

+ FcCOOCs

Toluene, HgO
N90°C,36 h

A liq u id -liq u id PTC was employed in the above reaction since we
observed th a t the decomposition of cesium ferrocenecarboxylate by
heat could be reduced by dissolving i t in water.

The mechanism fo r

th is e s te rific a tio n process 1s believed to occur in a sim ilar manner
to the one proposed by Starks [2 2 7 ].

In the f i r s t step, TBAC

114
dissolved in the aqueous phase underwent anion exchange with cesium
ferrocenecarboxylate.

This process, however, might occur at or near

the in terface fo r the case the quaternary ammonium cation was too
lip o p h ilic to penetrate the concentrated aqueous s a lt solution to any
appreciable extent [2283.

In the second step, the 1on p air formed by

the extraction of ferrocenecarboxylate anion into the organic phase
(toluene) by tetra-jvbutylammonium cation, underwent a fa st
displacement with chloride in 0

-CH 2 Cl to form a product, poly

v in y l benzyl ferrocenecarboxylate).

The new s a lt, [Bu^NCl], then

returned to the aqueous phase, where Bu4 N+ picked up a new FcCOO" ion
and the c a ta ly tic cycle started repeating.

The whole c a ta ly tic

process was shown 1n Scheme 4-2.

©-CHgCl +

Bu^SCOFc ---- ►

(Pj-CHgOCOFc + Bu^Sl
------------FcCOOCs +

Scheme 4-2

(organic phase)

-- (interface)

Bu^ftci

(aqueous phase)

PTC Mechanism

Since the reaction occurred 1n the less polar organic medium,
toluene, no Fried el-C rafts type reaction could proceed and no crosslin kin g was observed.

The only drawback of th is reaction was that

some decomposition of FcCOOCs by heat occurred [2 2 9 ].

Therefore an

excess amount of s a lt must be used.

(11) E s te rific a tio n of poly(vinyl benzyl chioride-co-methyl
m ethacrylate), 3a-e
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The e s te rific a tio n of fiv e poly(vinylbenzyl chioride-co-methyl
methacrylate) resins with cesium ferrocenecarboxylate was performed
under PTC conditions.

In th is method a solution of poly (vinylbenzyl

chloride-co-methyl methacrylate) in toluene was allowed to react with
a saturated aqueous solution of cesium ferrocenecarbo*ylate at 85°C
under an in e rt atmosphere in the presence of TBAC as a phase tran sfer
ca ta ly s t.

The reaction went smoothly and gave 88-96 percent

conversion a fte r 45 h.
in Eq. 4-10.

The general chemical transformation was shown

No gel formation was observed in the process which is

consistent with our prediction since the reaction proceeded in the
less polar solvent, toluene.

+

FcCOOCs

C H gC l

TBAC, toluene/ H^O
N2 , 80°C, 45 h

+

CsCl

0
10a

x = 0.17, y = 0.81, z = 0.02

b

x= 0.35, y = 0.63, z = 0.02

c

x= 0 .5 5 , y = 0 .4 1 , z = 0.04

d

x= 0.69, y = 0.28, z = 0.03

e

x= 0 .8 3 , y = 0.1 2, z = 0.05

(4-10)

Table 4-7

Results of the Esterification with Cesium Ferrocenecarboxylate of Poly(vinylbenzyl
chloride-co-methyl methacrylate)

Starting material
Copolymer Wt(meqCl)

Product

meq. Cl/FcCOOCs/Bu^NCl

Compd. No.

(mol ratio)

No.

Solvent system
toluene

% Conversion3- % Yield*

HgO

(ml)

(drops)

>

i.50g(2.59)

10a
**

1/1.9/1

50

20

88

71

3b

i.50g(4.39)

10b

1/2.5/1

50

30

93

85

3c
A
.

i.50g(6.75)

10c
A
*

1/2.5/1

50

40

93

72

3i

1.50g(7.83)

10d

i/2.5/1

50

50

96

84

3e
**

i.50g(9 .02)

lOe

1/2.5/i

50

6o

94

63

a

Based on elmental analysis ( % Fe ).

b

All reactions were run at 80°C for 45 h and % yield was based on the amount of the starting
material used.

Table 4-8

Characterization of The Ferrocenecarboxylate Esters of

Poly(vinylbenzyl chloride-co-methyl methacrylate)

Product
No.

x

y

z

1H NMR(CDCl^)

( >V />0
T

x/ 1 3 %

CH^OOCFc

OCH^

IR(film)

( V s )
I

z

C H gC l

Elemental analysis

Chemical shift, splitting Assignments Frequency Assignments
4

()

10a 0.17 0.81 0.02

pattern

Similar to the ester No.lOc

10b 0 .3 5 0 .6 3 0 .0 2

(cm- )

Similar to the ester

Anal. Foundi C,62.79» H,

No.lOc

7.03; Fe,6.33j Cl,0.09.

"

Anal. Foundi C,65.77l H,
6.34? Fe,l0.09» Cl,0 .0 5 .

10c 0.55 0.41 0.04

0 .5 5 , bs ec-methyl group of methyl

1 .5 5 , bs

3015,

VC-H, aromatic

Anal. Foundi C,6 7 .80; H,

methacrylate

2940,

^C-H, aliphatic

5.61; Fe,12.53; Cl,0.32.

backbone methine and

1700, ^C=0 (overlap

methylene protons

between conjugated v'OO
and nonconjugated Vc=0 )

2.17, bs

-COOCH^in SIB triad

1450, I38O VC=C, aromatic

2.79* bs

-COOCH^in MMS triad

1270, 1130

3.41, bs

protonson unsubstituted cyclopentadienyl ring

J'C-O-C

Table 4-8 Continued

Copolymer
No.

x

y

NMR(CDCl^)
z

Chemical shift, splitting
(J)

10c

4.11, s

IR(fllm)

Elemental analysis

Assignments Frequency Assignments

pattern

(cmT^)

protons on the unsubstituted
cyclopentadienyl ring

4 .38, s

protons on the substituted

4.80, s

cyclopentadienyl ring

5.14, s

Ar-CHgOOC-Fc

6.35-7.50
lOd

O .6 9 0.28 0.03

Ar-H

Similar to the ester No.lOc

Similar to the ester
No. 10c

lOe

0.83 0.12 0.05

"

Anal. Found! C,68.52| H,
5.61| Fe,13.86? Cl,0.11.
Anal. Foundi C,68.9l| H,
5.37? Fe,14.57? Cl,0 .2 8 .
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The results of the e s te rific a tio n reaction of the polymers in th is
series are shown in Table 4-7 and the characterization data of the
products are shown in Table 4-8.

The ester products had a gray to

orange color depending upon the ferrocene content in the polymers.
The products were soluble in dichloromethane, chloroform, benzene and
toluene but not soluble in methanol and a c e to n itrile .

From Table 4-7

we see th at the percent ester conversion in the products seemed to
depend upon the mole r a tio of [CH2C1 in the substrate]/[FcCOOCs],
For example, when the mole ra tio of [CH2C1 in the substrate]/
[FcCOOCs] was 1 /1 .9 the percent ester conversion was 88% while this
ra tio was 1 /2 .5 the percent ester conversion was more than 93%.

This

indicated that some of the cesium s a lt of ferrocenecarboxylic acid
was decomposed by heat before i t entered the reaction with the
su bstrate.- This was confirmed by our observations that the aqueous
layer had an intense dark color at the end of the reaction.

( i 1i ]

E s te rific a tio n of poly(vinylbenzyl chloride-co-2ethoxyethyl m ethacrylate), 4a-e

The e s te rific a tio n of fiv e poly(vinylbenzyl chloride-£o-2ethoxyethyl methacrylate) resins was also performed under PTC
conditions.

In the procedure a solution of poly(v1nylbenzyl

c h io rlde-co-2-ethoxyethy1 methacrylate) in toluene was allowed to
react with a saturated aqueous solution of cesium
ferrocenecarboxylate at 80°C under an in e rt atmosphere in the
presence of TBAC as a phase tran sfer c a ta ly s t.

The reaction went

smoothly and gave 74-96 percent conversion a fte r 45 h.

The general

chemical transformation was shown in Eq. 4-11.
observed in th is process.

No gel formation was

The mechanism of the reaction is believed

to be sim ilar to the e s te rific a tio n of poly(vinylbenzyl chioride-comethyl m ethacrylate).

The results of the e s te rific a tio n reaction of

the polymers in th is series are shown in Table 4-9 and the
characterization data of the products are shown in Table 4-10.

(.

FcCOOCs

I
° W C 2H5
TBAC, toluene/ H^O
4a-e
00/

N2 , 80°C, 45 b

(4-11)

▼

+

0=0
o c 2h 4o c 2h5

CHpO-C-Fc
£ II

CsCl

CH^Cl

11a

x = 0.7 6, y = 0.21, z = 0.03

b

x = 0.5 8, y = 0.39, z = 0.03

c

x = 0.33, y = 0.56, z = 0.11

d

x = 0.29, y = 0.65, z = 0.06

e

x = 0.20, y = 0.76, z = 0.04

The ester products had a lig h t yellow or lig h t brown color depending
upon the ferrocene content in the polymers.

The products were

soluble in dichloromethane, chloroform, benzene and toluene but not
soluble 1n methanol and a c e to n itr ile .

From Table 4-9 we see that the

percent ester conversion in the products depends upon the mole ra tio

Table 4-9

Results of Esterification with Cesium Ferrocenecarboxylate of Poly(vinylbenzyl
chloride-co-2-ethoxyethyl methacrylate), 4a-e.

Starting material
Copolymer

Product

Wt(meq. Cl) Compd. No.

meq. C l/F c C O O C s /B u ^ N C l
(mol ratio)

No.

i.20g(6.08)

a

i.20g(4.65)

toluene

HgO

(ml)

(drops)

% Conversion3, % Yield**

11a

1/2.5/1

25

25

96

90

11a

i/2.5/1

25

20

95

88

a a

4b

Solvent system

AA

»

r-

4c

0.65g(i.96)

4d

0.65g(i.04)

a

*
le
*

0.65g(i.46)

AA

lie

1/ 1 .3 /1

30

40

74

84

lid
AA

1/2 .0/i

30

40

85

67

lie

1/1.7/1

30

30

83

80

A A

/

a

Based on elemental analysis ( % Fe ).

"k All reactions were run at 80°C for 4-5 h and % yield was based on the amount of the starting
material used.

Table 4-10

Characterization Data of the Ferrocenecarboxylate Esters of
Poly(vinylbenzyl chloride-sg-2-ethoxyethyl methacrylate)

(V "
JL
Jg)

(—

^ 0 y
OCHgCHgOCHgCH^ ^CHgCl

CHgOOCFc
Product
No#

x

y

z

NHR(CDCl^)

Elemental analysis

Chemical shift, splitting Assignments Frequency Assignments
( (f )

11a 0 .? 6 0.21 0.03

IR(film)

f 3
r~—)

pattern

0.52,bs, OCHgCH^

(cm**^)

3085, 3005» VC-H aromatic

Anal. Foundi 0,68.88}

pt|

-3
1.11, bs -CHp-C-

io o .

2925, VC-H, aliphatic

H,5.80} Fe,l3.86; Cl,0.12.

1690, VC-0

1.42-t
,
[-Ar-CH-CH01 .60J
2

1450, 1375, VC=C, aromatic

2.87-3.90, bm -C00CH2C3i20CH2CH3

1270, 1115, VC-0

4.08, s ,protons on unsubstituted
cyclopentadienyl ring
4.37, 4.80,

protons on substituted

cyclopentadienyl ring
6.82, 7.13,

Ar-H
ro
ro

Table 4-10

Continued

^

Product
No.

x

y

z

Chemical shift, splitting
( ef )

lib 0 .5 8 O .3 9 0 .0 3

11c 0.33 0.56 0.11

n m r (c d c i 3)

IR(film)
Assignments

pattern

Similar to the ester No. ^
ila
AT

II

Frequency

Elemental analysis

Assignments

(cm-1)

Similar to the ester

Anal. Founds C,67.03» H,

No. 11a
A^

5.58; Fe,li.86j Cl,0.20.
II

Anal. Foundi C,66.07» H,
6.83; Fe,7.92; Cl,1.91.

lid 0.20 0.76 O.Oif

II

II

Anal. Foundi C,64.22; H,
7.57; Fe,5.59J 01,0 .6 9 .

lie 0 .2 9 O .6 5 0 .0 6

If

II

Anal. Foundi 6 5 .2 5 ; H,
7.20; Fe,7.24; Cl,0.80.

ro
co

of [C ^C l in the substrate]/[FcCOOCs],

The reasons for th is seemed

to be the same as we ju s t mentioned in the e s te rific a tio n of
poly(vinyl benzyl chioride-co-methyl m ethacrylate).

( iv )

E s te rific a tio n of chloromethylated polysulfones, 7a-d

The e s te rific a tio n of chloromethylated polysulfones with cesium
ferrocenecarboxylate was also performed under PTC conditions.

Since

the substrates did not dissolve in toluene we had to use chloroform
as a solvent.

In th is method a solution of chloromethylated

polysulfone in chloroform wqs allowed to react with an aqueous
solution of cesium ferrocenecarboxylate at 60°C under an in ert
atmosphere in the presence of TBAC.

The reaction went smoothly and

gave 88-100 percent conversion a fte r 60 h.
transformation is shown in Eq. 4-12.
in th is solvent system.

The general chemical

No gel formation was observed

However, we observed some cross-linked

polymer was formed when tfie e s te rific a tio n reaction was carried out
in DMF or THF.

This was probably due to the Increased p o larity of

the solvent system and/or there was a small amount of stannic
chloride remaining in the polymer to promote the Frledel Crafts
reaction which resulted in gel formation.

The results of the

e s te rific a tio n reactions of chloromethylated polysulfones are shown
1n Table 4-11 and the characterization data of the products are shown
1n Table 4-12.

The products are yellow and are soluble in

dichloromethane and chloroform but not 1n methanol and
a c e to n itr ile .

From Table 4-11 we observe th at the percent ester

conversion 1n the products depends upon the mole ra tio of [CH2 CI in
the substrate]/[FcCOOCs] as mentioned in the e s te rific a tio n of other

{°"CpH~C^_o~€^_so2-©}
(m
i m1\)X
(CHZC

+

FcCOOCs

n

2a -d

TBAC
c h c i 3, h2 o

N2 , 60°C, 60h

--0
+

( CH2og-Fc)x (CH2C1)

polymers.

(v)

1

12a

x

1.39, y

0.10

b

x

2.07, y

0.31

C x

0.44, y

0.04

d

1.06, y

0.0

x

CsCl

The percent y ie ld was consistently high,

Preparation of quaternary ammonium s a lt (poly
e le c tro ly te ) of ferrocenecarbo*ymethylated polysulfones.

The preparation of quaternary ammonium salts of ferrocenecarboxymethylated polysulfones fo r subsequent u tiliz a tio n as
chemically modified surface coating is outlined 1n Scheme 4-3.

Our

I n i t i a l approach was to prepare ferrocenecarbo*ymethylated
polysulfones containing residual chloromethyl groups of D.S. about
0.15, 0.30 and 0.45.

These chloromethyl groups were converted to the

quaternary ammonium salts by subsequent reaction with trialkylam in es.

Table *4-11 Results of Esterification with Cesium Ferrocenecarboxylate of Chloromethylated
Polysulfones, 7a-d.

Starting material
Compd No. D.S.

Product

meq. Cl used

meq. Cl/FcCOOCs/Bu^NCl Solvent system

No.

(mol ratio)

%conversion8, %yield^

Chloroform HgO
(ml)

(drops)

z*

1 .1*9

1.01

12a

1/2/1

25

25

93

79

7b
m

2 .3 8

2.15

12b

1/2/1

40

30

88

82

7c

0.48

0.54

12c

1/2.5/1

25

25

92

90

1.06

i.36

I2d

1/2.5/1

40

20

100

91

0

V

a Based on elmental analysis (

%Fe

).

^ All reatlons were run at 60°C for 60 h and
material used.

%yield was based on the amount of the starting

Table 4-12

Characterization Data of the Ferrocenecarboxylate
Esters of Chloromethylated Polysulfones, l2a-d
(CH200CFc)^(CH2Cl)y

Product
No.

x

y

NMR(CDCl^)
Chemical shift, splitting

IR(fllm)
Assignments

Frequency

pattern

(<f)

Elemental analysis
Assignments

(cm**^)
$

12a I .3 9

0.10

1.38-1.85, m

Ar-t ? A r ( a protons)

3075»3020, VC-H, aromatic Anal. FoundiC,66.30|

H,

CH_

3
4.04, s protons on unsubstituted
cyclopentadienyl ring

2970,
1695*
1575»

j/C-H, aliphatic

Fe,9.64.

VO =0

1480,Vc=C, aromatic

4.32, t, J = 1.8 protons on substituted

1320, 1295* ^

4.61, t, J = 1.4 cyclopentadienyl ring

1270, 1240,

5.18, s

Ar-CHo00C-Fc (c)
fa

1170,

6 .82-7 •14

aromatic d and e protons 1105

7.18-7.35

aromatic f protons

7.38-7.50

aromatic g protons

7 .77-7*9 6

aromatic h protons

4.37l Cl,0.34j

O=S=0

VC-0-C

1150, V,O=S=0
3

aromatic ring vibration

S,5.l2j

Table 4-12

Continued

Product
No.

x

y

Chemical shift, splitting

(J)
12b 2 .0 7

0 .3 1

Elemental analysis

IR(film)

*H NMR(CDC13)
Assignments

pattern

Similar to the ester No. 12a

Frequency

Assignments

(cm"1)

Similar to the ester

Anal. Foundi C,66.l0j H,

No. 12a

4.61; Cl,0.42; S.4.03;
Fe,11.52.

12c 0.46

0.02

fl

II

Anal. Foundi C,69.78; H,
4.86; Cl,0.43; S,6.2l;
Fe,4.55.

12d 1.06
S'*

0

It

II

Anal. Foundi Cf68.79; H,
5.00; Cl,0.23; S,5.37;
Fe,8.47.

ro
co
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Scheme 4-3 Preparation of Polyelectrolytes of Ferrocenecarboxymethylated
Polysulfones

FcCOOCs

( ™ 2 C1h . H 9

7a
TBAC

CHCl^ H20
N„, 60°Ct 60h

0" O -

'

s° 2

“O }

+

CsCl

( CH20g-Fc)x (CHgCl)
i^a, x

= 1.22, y = 0.27

b, x

= 1 .1 5 » y = 0.32

c, x

= 1.06, y = 0.4-3

RjjR'N
CHClVMeOH

50°C
(CH9C1),

0
(CH-OR-Fc)
c

0

S° 2 ------

(bH2«R2R, ) z
Cl

14a,

x = 1.22, y = 0.25, z = 0.02, R = R' = Et

b,

x = 1.14-, y = 0.18, z = 0.17, R = R' = Et

c,

x = 1.06, y = 0.10, z = O.3 3 , R = R' = Et

d,

x = 1.22, y = 0.21, z = 0.06, R = Me, R' = CHgCHgCH

(a) P a rtia l e s te rific a tio n of chloromethylated
polysulfone, 7A

(D.S. 1.49)

The p a rtia l e s te rific a tio n of chloromethylated polysulfones with
cesium ferrocenecarboxylate was performed under PTC conditions
sim ilar to a normal e s te rific a tio n procedure of chloromethylated
polysulfones.

A ll the reaction conditions were the same except the

mole ratio s of [FcCOOCsl/CCI^Cl] in the substrate were 0 .9 , 0.85 and
0.7 5.

The reaction went smoothly and gave 71-82 percent conversion

based upon the lim itin g reagent, FeCOOCs; no gel formation was
observed.

The results of the p a rtia l e s te rific a tio n reactions of

chloromethylated polysulfone are shown in Table 4-13 and the
characterization data of the products are shown in Table 4-14.

The

products were yellow; th e ir s o lu b ility properties also were sim ilar
to the normal esters of chloromethylated polysulfones th at were
previously described.

(b) Quaternization of compound 13a-e
Since Udel polysulfone contains four aromatic rings per polymer
u n it, i t therefore exhibits lower chain f l e x i b i l i t y , a high value of
Tg (~ 190°C), and less swelling in non-solvents such as a c e to n itrile
and ^-b u tan o l.
polysulfone.

The same is tru e fo r ferrocenecarboxymethylated
Our aim was to synthesize ferrocenecarboxymethylated

polysulfone derivatives which have the a b ility to swell fa ste r than
th e ir parent compounds, 13.

Functionalization of residual

chloromethyl groups on ferrocenecarboxymethylated polysulfones (13)
with te r tia r y amines [230] forms polyelectrolytes of the
corresponding polymers.

The quaternary ammonium salts formed from

Table 4-13

Results of Partial Esterification with Cesium Ferrocenecarboxylate of Chloromethylated
Polysulfone £a

Ester product
No.

CMPSF

meq. Cl/FcCOOCs/TBAC

Wt,(meq. Cl)

(mol ratio)

Solvent system

%Conversion3,

%Yield*5

D.S.Fc.c

Chloroform HgO
(ml)

(drops)

13a

0.80g(2.32)

1/0.90/0.90

40

20

82

89

1.22

13b

0.80g(2.32)

1/0.85/0.85

40

20

77

89

1.15

13c

0.60g(1.74)

1/0.75/0.75

30

15

71

87

1.06

a Based on elemental analysis (

%Fe

).

^ All reactions were run at 6cPc for 60 h and

%yield was based on the amount of the CMPSF used,

c
D.S.Fc. = degree of substitution of ferrocenecarboxymethylated group.

Table 4-14

Characterization Data of the Partially Esterifled
h

Chloromethylated Polysulfones, i3a-c.

CHoge

[ - ^ © d P ^ ° - ^ S02 -# 9
^® 2C1^x

Product
No.

x

y

*H NMR(CDC10)
NMR(CDC13)
Chemical shift, splitting
( if )

13a 0.27

1.22

f i

IR(film)
Assignments

pattern

Similar to the ester No. 13c

Frequency

„

(GHg^CFdTy
Elemental analysis

Assignments

• (cm-1)

Similar to the ester

Anal. Foundi C,66.92j H,

No. 13c
A/

4.50; Cl,1.25; S,4.72;
Fe,8.49.

13b

0.35

1.14

"

Anal. Foundi C,66.89; H,
4 .4 5 ; ci,1.93; S,5.38;
Fe,7.94.

ch3

13c

0.43

1 .0 6

1.40-1.85, m,

Ar
ch3

4.04, s, protons on unsubstituted
cyclopentadienyl ring

3075,3005, VC-H, aromatic Anal.Foundi 0 , 6 6 . 2 7 } H,
2955* i'C-H, aliphatic

4.44; Cl,2.22; S,5.89;

1695, y C=0

Fe,7.34.

1575,1480, VC=C, aromatic

CO

ro

Table

4-14

Continued

Product
No.

x

y

NMR(CDCl^)

^

Elemental analysis

Chemical shift, splitting Assignments Frequency Assignments

(6 )
i3c

IR(film)

pattern

(cm-^)

4.32, 4.60, protons on substituted

I3l5i 1290, V _O=S=0
as

cyclopentadienyl ring
4.51, 4.53, two singlets, -CHQC1
“c

1270, 1240,
'

H 65 , 1150

j/C-0-C

V 0=S=0
s

probably on different rings
5*18, s, Ar-CHgOOC-Fc

1105, aromatic vibration

6.71-7.09,

m, aromatic d and e protons

7.14-7.33*

m, aromatic f protons

7.35-7*53*

in, aromatic g protons

7.73-8.00,

m, aromatic f protons

750, J^C-Cl

C*i
U>

th is process would ex h ib it high p o la rity and should swell rapidly in
non-polar solvents.
The quaternization of the residual chloromethyl group of
ferrocenecarboxymethylated polysulfones (13) was performed by SN2
type displacement of the chloride group with tr ie th y l amine or 1,1 dimethyl-2-ethanol amine.

A solution of the polymer 13 in chloroform

was allowed to react with the amine at 50°C under an in e rt
atmosphere.

The p o la rity of the solvent system was increased by the

addition of aliquots of methanol every 1 1/2 h u n til the chloroform:
methanol ra tio reached about 2 .1 -4 :1 .

Then the contents were allowed

to heat fo r another 60 h except in the case of 1,1-dim ethyl-2 ethanolamine (the reaction time was 15 h ).

The gradual increase in

p o la rity of the solvent system by th is procedure prevented gel
formation due to Friedel Crafts type reactions.

In contrast, when

the reaction was conducted in a solvent system which consisted of 2030% methanol in THF, cross-linked polymer was observed.

This

indicated that a Friedel Crafts type alk yla tio n was favored in the
more polar solvent system.

The results of quaternization are shown

in Table 4-15 and the characterization data of the products 1s shown
in Table 4-16.

The quaternary ammonium s a lt products are yellow ,

sim ila r to th e ir corresponding ferrocenecarboxymethylated polysulfone
sta rtin g m aterials.

They were soluble in chloroform or a mixture of

chloroform and methanol but not in a c e to n itrlle or low molecular
weight alcohols.

The percent quaternization conversion 1n the

products depended upon the mole ra tio of [CI^Cl in the
substrate]/[am 1ne].

For example, when the mole ra tio of [Ci^Cl in

the substrate]/[am ine] was 1/3 the percent quaternization conversion

Table 4-15

Results of Quaternization of Partially Esterified Chloromethylated Polysulfones, l3a-c

Quatemized

Starting material

meq. Cl/mmol amine

Product No.

No.

meq. Cl/mmol andne Chloroform Methanol

Wt(meq. Cl)

Solvent system

(ml)

14a

13a

14b

13b

A A-

A A

(ml)

0 .50g(0 .18)

1/3°

20

5

0.50g(0.24)

1/1 0.3°

20

6

48

73

13°

0.45g(0.27)

1/18.5°

15

7

76

72

13a

0.40g(0.2l)

i/7.0d

15

2

15

75

A. A

6

A A

14c

A A

141
A A

% Conversion8, % Yield*3

A A

64

Based upon elemental analysis ( % N ).
13

All reactions were run at 50°C for 60 h except for the product number 14d, the reation time was 15 hj
% yield based upon initial chloromethyl concentration.

c

The amine was triethylamine.

d

The amine was 1,i-dimetyl-2-ethanolamine.

Table 4-16

Characterization Data of The Quaternization

( C H ^ R R ’.Cl-)
\ a
c a z

b

f

Ester Products, lte-d

„
(CH2C1)x (SigOOCFc)

Product
NOe

x

y

z

NHR(CDCl^)
Chemical shift, splitting
(<f)

14a 0.25 le22 0.02

pattern

Similar to the quat 14c

IR(film)
Assignments

Frequency

Elemental analysis
Assignments

(cm-^)

Similar to the quat 14c Anal.Founii C,66.65; H,4.56;
ci,1.33; N,0.03; S,4.12;
Fe,8.26.

14b 0.18 1.14 0.1?

"

Anal. Foundi 0,66.51; H,4.65;
Cl,1.82; N,0.3i; S,5.28;
Fe,7.55.

14c 0.10 1.06 0.33

1.28, -S(CH2CH3)3
ch3

1.70, m, Ar— |— Ar
ch3

1690, VG=0

Anal. Foundi C,65.49? H,5>02;

1575, 1480, VC=C,

Cl,2.05; N,0.64; S,5.00;

aromatic

Fe,7.39.

1315* 1290, *o S 0=S=0

Table 4-16

Continued

Product
No. x

y

z

NMR(CDCl^)

Elemental analysis

Chemical shift, splitting Assignments Frequency Assignments

(<f)
14c

IR(film)

pattern

3.24”, - f y c H g C H ^

(cm“*)

1270, 1240, VC-O-C

4>.0i, s, aromatic protons of unsubstituted
cyclopentadienyl ring
4-.31* 4-.58, aromatic protons of
substituted cyclopentadienyl
ring
4.34-4.54-,

Ar-CHgCl aid Ar-CHgfet^

5.15,

Ar-CH^OOC-Fc

6.74-7*16, m, aromatic a and b protons
7 •19-7 •34-, m, aromatic c and d protons
7 *3^ 7 *5 0 , m, aromatic e protons
7*73-8.04, m, aromatic f protons

1165* 1150,

s 0=S=0

1105* aromatic ring vibration
750, V C-Cl

Table 4-16

Continued

1H

Product
No.

c

y

z

n h r Cc d c i ^-c d ^o d )

Chemical shift, splitting
(<0

14d 0 .21 1.22 0.06

Elemental analysis

IR(film)
Assignments

pattern

Frequency

Assignments

(cm- 1 )

3700-3500, 1/0-H

Anal. Foundi 0,65.43;

2975, VC-H, aliphatic

H,4.32? Cl,1.15? N.O.ll}

3.21, bs, S(CH3)2CH2CH20H

1690 Vc=0, conjugated

S,4.72? Fe,8.50.

3 .6 7 , very bs, -CHgCHgOH

1575» 1480, ^0=0,

4,04, protons on unsubstituted

1320, 1290, v' 0=s=0
1270, 1240, VC-O-C

1.72, Ar— |-Ar
ch3

cyclopentadienyl ring
4 .32, 4.69» protons on substituted
cyclopentadienyl ring
4.40-4.50, Ar-CHgCl, Ar-CHgS

aromatic

H 65, 1145, ^ 0=S=0
s
1105, aromatic ring vibration
750,V C - C l

5.17* s, Ar-CHgOOC-Fc

CO

OO

Table 4-16

Continued

1H NMR

Product
No.

x

y

z

Chemical shift, splitting
((f)

14d

At**

IR(film)
Assignments

pattern

Frequency

Elemental analysis
Assignments

(cm-1)

6.79-7*12, m, aromatic a and b protons
7 .15-7 *33» m, aromatic c protons
7 .39-7 *5 0 , m, aromatic d protons
7*70-8.00, m, aromatic e protons

CO
VO

was 6% while th is ra tio was 1/18.5 the percent quaternization
conversion was 76%.

The results of elemental analysis and nmr

indicated th at no displacement of the ester group by the amine
occurred in th is process.

From the data in Table 4-15 the rate of

reaction seemed to be fa s te r when the amine was 1,1-dim ethyl-2 ethanolamine than triethylam ine since i t gave higher percent
quaternization conversion.

The fa s te r rate in the former case was

probably caused by the less s te ric hindrance and the presence of
anchimeric assistance from the hydroxy group in 1,1-dim ethyl-2 ethanolamine.

This la t t e r e ffe c t is shown below.

H

4 -3 .

ch2
-

ch2

Synthesis of a Monomeric Model and Related Ferrocenecarboxylated Esters

A.

Reduction of Vinylbenzyl Chloride

Since hydrogenation of monosubstituted carbon-carbon double bond
in most organic compounds was read ily carried out under very mild
conditions in a suitable solvent with n icke l, palladium or platinum
as c a ta ly s t, we chose to reduce a vinyl l i e double bond of vinylbenzyl
chloride under low-pressure of hydrogen in the presence of 1% by
weight of 5% palladium on carbon.

We were also aware of the possible

hydrogenolysis of chlorine from the chloromethyl group in the
substrate.

This prompted us to use a less polar solvent, ethyl

acetate which was claimed to retard the loss of chlorine [2 3 1 ],

The

reaction went smoothly at room temperature and the reduction
proceeded completely in less than 8 h.

The nmr of the product

indicated th at ethyl benzyl chloride was formed in more than 96% y ie ld
together with the undesired hydrogenolysis product, ethyltoluene, in
less than 4%.

This is illu s tr a te d in Equation 4-13.

EtOAc, R.T

NMR also confirmed th at no hydrogenation occurred at the aromatic
rin g .

B.

E s te rific a tio n s of Low Molecular Weight Model Compounds

(i)

Preparation of ethylbenzyl ferrocenecarboxylate, 15

Ethyl benzyl ferrocenecarboxylate (in & j^ -i somers) was used as a
model compound in order to study the e ffe c t of polymer backbone on
the voltammetric data.

I t was prepared by allowing a solution of

ethylbenzyl chloride (in & £ - 1 somers), 14, in chloroform to react with
an aqueous solution of cesium ferrocenecarboxylate at 60°C under an
Ar atmosphere in the presence of TBAC.
/FeCOOCs/TBAC was 1 /1 .2 5 /1 .

The mole ra tio of 14

The reaction proceeded to completion

w ithin 18 h (indicated by TLC - 1:1 (v /v ) DCM-hexane).

The mechanism

of th is reaction is also believed to be sim ila r to the one shown in
Scheme 4-2.

From the mole ra tio of 14 /FcCOOCs/TBAC and the reaction

conditions used as mentioned above i t seemed lik e ly th at the
e s te rific a tio n of th is monomer proceeded fa s te r than in the case of
homopolymer and copolymers.

The slower processes in the

e s te rific a tio n reactions of polymers are probably caused by steric
e ffe c t of the polymer backbone.

(ii]

Preparation of vinylbenzyl ferrocenecarboxylate, 16

One of our purposes in preparing th is ester was to study the
substituent e ffe c t of the carbon-carbon double bond on the cyclic
voltammetric properties as compared to the e ffe c t of ethyl
substituted benzyl ferrocenecarboxylate.

This would help us to

understand the influence of the carbon-carbon double bond attached to
an aromatic ring , i . e . i f i t functioned as an electron donating or
withdrawing group.

The other purpose was to investigate whether th is

monomer was polymerized during the CV experiment.

The procedure used

in the preparation of th is ester was sim ilar to the one we used to
prepare benzyl ferrocenecarboxylate as described above except that
phenothlazine was added in to the reaction mixture before i t was
heated under Ar atmosphere at 80°C.
VBC/FeCOOCs/TBAC was 1 /1 .5 /1 .

The mole ra tio of

The reaction was completed within 9 h

(indicated by TLC - 1:1 (v /v ) DCM-hexane); no polymer was observed.

4.4

Forming of Polymer Film on an Electrode Surface
A survey of the lite r a tu r e showed there were a number of

approaches that could be used to coat an electrode with a polymer
film .

They are dip coating, spin coating, droplet evaporation,

oxidative or reductive deposition, electrochemical polymerization, r f
plasma polymerization, e tc .

Only the f i r s t four techniques could be

applied to make a film on electrodes from our preformed polymers
while the la s t two involved forming a polymer film from monomer(s)
d ire c tly on the electrode surfaces.

We decided to try dip coating

and spin coating since they were easy to perform and consumed less
tim e.

Our f i r s t attempt was to coat an electrode by dip coating, i t

involved dipping an electrode into a 0.1% solution of
poly(vinylbenzyl ferrocenecarboxylate) in DCM.

A fte r 8 min the

electrode was removed and quickly shaken to remove excess solution.
A portion of polymer film outside the electrode surface was removed
with a chloroform soaked cotton swab and the electrode was put in an
oven at 100°C for 16 min.

We found th at coating the electrode by

th is technique provided us with

very thin polymer film since the CV

"break-in period" fo r th is kind

of polymer film was very short(~ 1-1

1/2 m in).

I t also required more polymer to prepare the solution.

So

we decided to coat our electrode by using a spin coating technique.
Since we did not have a special apparatus fo r coating purposes, such
as a photoresist spinner of Headway Research, Inc. [2 32], we decided
to use a motor drive spinning unit of a TTA 60, shown 1n F ig. 2-2, th at was available in our laboratory, to spin the electrode while we
were dropping a polymer solution onto the electrode surface.

The

electrode was then allowed to spin u n til the film was dried or almost

dried , and fin a lly allowed to a ir dry at 100°C fo r about 16 min to
make sure that the polymer film was completely d rie d .

A fter the

electrode was allowed to cool to room temperature i t was ready to use
in CV experiments.

We found that coating the electrode by th is

technique afforded a th icker film since we could put more than one
drop (usually 3-5 drops) of the polymer solution on the electrode
surface.

The coating looked smooth to the eye but we did not have an

apparatus to measure its thickness and to study the pinholes on the
surface film .

However, our chemically modified electrodes gave CV

wave forms sim ilar to the electrodes that were coated by expensive
equipment [232],

4-5

Cyclic Voltammetric (CV) Experiments
Since CV is one of the most popular electro an alytical tools for

the study of electroactive species [233] we decided to use th is
technique in the study of

our electroactive polymersystems both in

th in film s and in solutions.

In order to investigate the effects of

electroactive pendant group density and polymer backbone, a
comparison CV study was made among the polymer systems themselves and
also with low molecular weight model compounds.

A.

CV experiments of poly(vinylbenzyl ferrocenecarboxylate)
(PVBFc), 9.

I n i t i a l l y , we formed
electrode surfaces.

Then

film of 9 by spin coating on Pt/PtO
the CV experiment of the CMEwas performed

by Immersing the film in AN (a non-solvent fo r the polymer) solution
with TBAP as supporting e le c tro ly te .

For freshly deposited thick

film , several cyclic potential sweeps were required fo r the e n tire
film to become fu lly activated and a “steady state" voltammogram was
obtained.

During the i n i t i a l sweep the currents passed were small

and then gradually increased with each successive sweep u n til a
steady state i-V curve was obtained.

The number of cycles required

fo r th is process depended on the film thickness or the amount of
coating.

Thick film (see F ig . 4-2A) required many cycles, while

thinner film (see F ig. 4-2B) was broken-in in a few sweeps.

A fter

being broken-in, as described above, the film exhibited reproducible
current-voltage curves and high electrochemical s t a b ilit y .

At slow

scan rates (< 20 mV/s) the peak currents of the polymer waves were
d ire c tly proportional to

(In d ic a tiv e of diffu sio n -co n tro lled

appearance, see F ig . 4-3A); the peak shapes were symmetrical and the
peak separations were rather small (< 100 mV/s).

When the scan rates

increased the peak separations and the peak widths at mid-height,
wl/2 » ( ^ 9 * 4-3C) were la rg e r.

Other CV properties such as

d iffu s io n -lik e ta ilin g (see F ig . 4-4) and anodic peak p o te n tia l, E
pa
(F ig . 4-3D) were also increased at higher scan rate s. These
properties are collected in Table 4-17.

F ig . 4-4 also showes that

anodic waves exhibited more d iffu s io n -lik e ta ilin g than the
corresponding cathodic waves.

This phenomenon implied th at the

resistance of the polymer film 1n the neutral state was higher (less
1on m obility) than in the ionic state (high ionic m o b ility ).

The

fa ct th at the current level subsequently increased with time implies
that th is resistance decreased as the oxidation proceeded.

The fu lly

oxidized film apparently had a very low resistance, since a high
current was passed as soon as the reverse potential was applied.

At

2 mA
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+>
c

0

d

i.i

0.7

0.9

0.5

0.3

O .i

E, V. vs. SCE
Pig. 4-2A

CV "break-in" of a fresh film of poly (vinylbenzyl ferrocenecarboxylate) ,9
c

(rappi.= 2.5^x10“

o

^

mol cm” ) at 50 mV/s in O.i F TBAP/AN.
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t

•
"is
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Ej V. vs. SCE
Fig. 4-2B CV "break-in" of a fresh film of poly(vinylbenzyl ferrocenecarboxylate),9
(r
- 7
appl. = 3.40x10 mol cm

), same conditions as Fig. 4-2A.
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Fig. If-lf. CV of a thin film of g (same film and same solvent system as in Fig. 4-2B)
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Table it—17

Electrochemistry of CME Coated with Ferrocene Polymer No. 9» ^ >Y ^ S'^0.92

^V

s ^0.08

9

CHgOC-Fc

i

■mA
pa*

U , mV/s

log V

E

.V
pa*

E

,V
pc*

AE

,mV

P*

E0 ’

s u rf

CHgCl

+ E )/2
pa
pc"

= (E

(Wi/ 2 ) amV

0.71

5

2.24

0.70

0.706

O.65 I

55

0.678

59

1.16

10

3.16

1 .0

0.721

O .636

85

0.678

80

1.58

20

4.47

1.30

0.764

0.623

141

0.694

111

2 .1 3

50

7.07

1.70

0.847

0 .6 I0

237

0.729

203

3-37

100

10.0

2 .0

0.919

0.554

365

0.737

383

CV experiment was performed in O.lF TBAP/AN at R.T. vs. Ag/Ag+ (O.OlF)(+0.304 V vs. SCE) "but the
potentials were reported vs. SCE.

the scan rate < 10 mV/s the

values were found to be less than

the th eo retical surface confined species of 90.6 mV (25°C) for a one
electron process.

This narrowing implies th at n > l, although only one

electron was involved in an electrochemical reaction per ferrocene
unit in the film .

A possible explanation for th is is the existence

of some cooperative in teraction between ferrocene units resulting in
an apparent n value > 1.

A fte r the film reaches the steady state the

percentage of electroactive units was found to be much
100% (~ 35% fo r coverage rapp-j# = 2.54x10"® mol cm"2 and

rappi .

= 3.41x10"^

th at some parts of

mol cm"2) .

This may have

the polymer matrix may be

others not at a ll [2 3 4 ],

less than
47% for

relevance to the reason
well solvated while

The most noteworthy feature of polymer

9 was the lack of any s ig n ifican t difference between the redox
potential of 9 in d ilu te solution (~ 10"3 Fj(see Table 4-18) and that
of the monomeric model
4-40) and those of

15 in d ilu te solution (~ 10"3M)(see Table

the polymer-bound species in th in film form.

This

was especially surprising since the e ffe c tiv e concentration of
electro active species within the polymer film was quite high (> 2_F,
assuming the density of 9 was « lg/cm3) and no e ffe c t of the polymer
backbone on the formal potential was observed.

However, other CV

properties of the polymer 1n solution such as aEp and
smaller than th at of th in film and monomeric model species.

were much
These

results implied that there was a p re c ip ita tio n or adsorption of
polymer at the elctrodes surface; the amount of polymer adsorbed
seemed to be higher when the polymer was 1n the Ionic state than 1t
was 1n the neutral form.

In other words, there was a stronger

a ttra c tiv e interaction among the ferrocene species in the ionic state

Table 4-18

Solution Electrochemistry of Ferrocene Polymer No.

•H

<

J -

• V

&

l ogy

*

mV/s

Eb
pa

Eb
pc

V

V

in 0.1F TBAP/3«l(v/v) DCM-AN

E°'= (E + E )/2 A E
v pa
pc"
p
V

(Wi/21 0f1/2) o

mV

mV

mV

50

7.07

1.70

O .676

0.668

0.672

8

55

30

2.52X10" 1 4.25xl0_1 1.69

100

10

2.0

O .676

0.668

0 .6 7 2

8

51

30

4.13X10" 1 6.l0xl0-1

200

14-. 14

2 .3 0

O .676

0.664

0.670

12

51

41

1 .30xl0-1 2 .50xl0-1

St

b

1.92

1.48

The concentration of ferrocenecarboxylate unit = 8.9x10

|j.

M.

Hie potentials were reported against SGE.

CJ1

CO

than in the neutral s ta te , as indicated by the facts th at the ra tio
of ip C/1pa was greater

than 1 and ( W j ^ c was ^ess t *ian ^wl/2 ^ a*

adsorption was high at

slowvoltage sweep (longer time fo r each

c y c le ).

^he

This adsorption phenomenon is reasonable since the solvent

system, 3:1 (v /v ) DCM-AN used was re la tiv e ly non-polar and therefore
the ionic p o lye lectro lyte formed during the process tended to
p re c ip ita te at the electrode.

There were no sig n ifican t changes in

formal potentials and peak separation with scan rates.

Another

interesting feature of the polymer solution behavior was the
prop ortio nality of the

peak current with /v (F ig . 4-3B).

The CV wave

shape of th is polymer solution was found to depend upon the solvent
system used.

In a low polar solvent (see F ig . 4 -5 ), the

of the

waves was small but became broader in a more polar solvent system,
such as 0.1 F_TBAP/l:l(v/v)DCM-NMP (F ig . 4 -6 ).

The formal potential

of the polymer also decreased in the high polar solvent.

This

probably was due to the fa c t that in a high polar solvent system lik e
1:1 (v /v ) DCM-NMP, the ferrlcenium once formed during the
ele c tro ly s is was s ta b ilize d by solvent solvation.

B.

CV Experiments of Poly(vinylbenzyl ferrocenecarboxy1ate-comethyl m ethacrylate), 10a-e.

The CV experiments of freshly deposited film s of the
copolymers 10a-e on Pt/PtO electrodes were performed 1n 0.1 F_ TBAP in
a c e to n itr ile .

The film s which had the mole ra tio of MMA of 0.81,

0.65 and 0.41 exhibited no Mbreak-1n period".

This was not a

surprising phenomenon since we expected that whenever the mole ra tio
of MMA in the copolymers was high, the polymers should be soft (low

0.2 mA
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E, V. vs. SCE
Pig. b - 5

CV of a diluted solution of 9 (8.90x10“** F in Pc) at 100 riV/s in 0.1 F TBAP/
3«l(v/v) DCM-AN.
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Fig. k - 6

CV of a diluted solution of 9 (9.93x10 ^ F in Fc) at 100 mV in 0.1 F TBAP/
1 ii(v/v) DCM-NMP.
cn

Tg) and have high segmental motion of the polymeric backbone even in
the solid s ta te .

In the presence of a non-solvent the local

segmental motion of the polymeric backbone in combination with the
solvent-induced pendant group motion [235] could ease the penetration
of the solvent system into the polymer matrices and allow high ionic
m o b ilities in polymers; therefore the f i r s t oxidation cycle was not
hampered by slow ion transport from solution into the nonpolar
polymeric phase, as mentioned in the case of PVBFc.

In the

voltammetry of 10a (81% MMA), a large percentage of the ferrocene
e le c tro a c tiv ity was lo st a fte r the f i r s t positive potential scan
through the ferrocene-ferricenium reaction (F ig . 4-7A).

This kind of

loss in e le c tro a c tiv ity was found to be smaller when the mole ra tio
of vinylbenzyl ferrocenecarboxylate (VBFc) increased (compare F ig . 47A-C).

The loss in ferrocene e le c tro a c tiv ity probably arose from the

- high s o lu b ility of the oxidized form of the polymers containing high
percentages of MMA in the solvent system.

When the mole ra tio of

VBFc in the copolymers was > 0.69, a "break-in period" appeared and
the film required a few cy clic potential sweeps before becoming fu lly
activated and exhibiting a steady state voltammogram.

A fte r the

film s reached the steady state the CV waves of a ll polymers in th is
series 1n a c e to n itrile had a symmetrical wave shape.

The shape of

the CV waves was also affected by other factors such as type of
solvents and supporting e le ctro lyte s used.

For instance, the film of

the copolymer lOe exhibited no CV wave in 0.1 F_ TEAP/^O (F ig . 4-8)
but showed an approximate symmetrical wave with broad W^2 * n 0,1 L
TBAP/1:1 (v /v ) AN-BuOH (F1g. 4 -9 ).

The shape of CV waves also

depended upon the size of the counter anions.

For example when the

t
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CV of a thin film of 10a at 50 mV/s In 0.1 F TBAP/AN; Tappl. = i.28xl0-7 mol cm"2 ;
=

27 % .
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Fig. 4-7C

CV of a thin film of lOe at 50 mV/s in 0.1 F TBAP/AN;

= 3.54xl0"7 mol cm*2 .
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CV of a thin film of lOe at 50 mV/s in 0.1 F TEAP/HgOj P ^

= 2.37xl0~7 mol cm"2 .
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E, V. vs. SCE
Fig. 4-9

CV of a thin film of lOe at 50 mV/s in 0.1 F TBAP/lil(v/v) AN-n-BuOH.

Qppl. = 4.05xl0” 7 mol cm-2.

CT>
ro

CV experiment of the film of the copolymer lOe was carried out in 0.1
£_ TEAPTS/AN the anodic waves shifted fu rth er to the more positive

potential and the wave shape became unsymmetrical (F ig . 4-10A) while
the CV experiment of the same polymer performed in 0.1 F_ TBABF^/AN
exhibited a very narrow wave (F ig . 4-10B) and no Mbreak-in period".
At scan rates < 50 mV/s, the peak currents of 10a and lOe of the
polymer waves in 0.1 F_TBAP/AN were d ire c tly proportional to /v
(in d ic a tiv e of diffusion controlled appearance, see F ig. 4-11A-B) the
ratio s of cathodic currents to anodic currents were about 1 and the
peak separations were small especially fo r the polymers containing a
high mole ra tio of MMA (see Table 4-19 and 4 -2 0 ).

The large peak

separations fo r polymers containing low mole ratios of MMA were
probably caused by a high film resistance together with large
currents involved.

The influence of scan rates on Epa and on (W1^ ) a

is shown in F ig. 4-12 and Fig. 4-13 respectively.

Voltammetric waves

with "diffusion controlled" appearances were also observed in a ll
copolymers especially at high potential scan rates; and th e ir effects
were pronounced in copolymers containing high mole ratios of VBFc.
This phenomenon indicated that the diffusion within the bulk.of the
polymer film became rate lim itin g .

Another interesting voltammetric

property th at was lis te d in Table 4-19 and 4-20 was the formal
potential of the polymer film s .

By comparison, the E°up^ for the two

extreme cases, we saw th a t the polymer containing high mole ra tio of
MMA (e .g . 0.81 fo r 10a) has a formal potential that was independent
of scan rates while the formal potential of a polymer containing a
high mole ra tio of VBFc (e .g . 83% fo r lOe) varied with scan rate.
Table 4-21 summarizes cyclic voltammetric properties, to ta l ferrocene
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CV of a thin film of lOe at 50 mV/s in 0.1 F TBAPTS/ANj

4.70xl0“7 mol cm-2.
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CV of the thin film of lOe ( T
n
' appl.

2.05x10 ^ mol cm ^ in Fc) at 50 mV/s

in 0.1 F TBABF^AN.
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Variation of i„„ of lOe in thin film form

P&

w i t h ^ i n O.lF TBAP/AN.

W

y

^

^

mV/s

Epa

Epo

V

V

AEp
mV

B° ,= (®pa+

V/2

V

(V
mV

1 .20xl0“ 2 1 .38xi0 "2

1.15

10

3.16

1 .0

0.664-

0.648

16

0 .6 5 6

80

2 .70xi0 "2 2 .95x10_2

1.09

20

fr.4-7

1.3

0.670

0.648

22

0.659

84-

6.00xl0-2 6 .30x1 0 "2

1.05

50

7.07

1.7

0 .6 7 2

0.64-3

29

0 .6 5 8

95

i.lOxlO**1 i.iOxlO" 1

1 .0 0

100

1 0 .0

2 .0

0 .6 7 6

O .639

37

0 .6 5 8

101

1 .96x10“* 1 .89x10“*

0 .9 6

200

14. Uf

2.3

0.679

0.635

44-

0.657

105

CV experiment was performed in O.lF TBAP/AN at R.T. vs. Ag/Ag+ (0.0iF)(0.304 V vs. SCE) but the
potentials were reported vs. SCE.
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Table 4-20

Electrochemistry of CME Coated with Polymer No. lOe, ( v r ^ s Oo 8

PS
p=0 ' ° - 12

CHgOC-Fc

Sa

mA

i

pc

v v

V

mA

iv

log V

mV/s

E

E

V

V

pa

pc

AE

P

mV

) o 05

(

(Q j

OCH_

0CH3

E0' = (E + E )/2
surf.
pa
pc "
V

CH2C1

(V A
mV

*

1.16

1.18

1.02

10

3.16

1.0

0.684

0 .6 3 2

52

0.658

58

1.95

1.93

0.99

20

4.47

1.3

0.706

0.623

83

0.664

68

3-09

2.91

0.94

50

7.07

1.7

0.772

0 .6 0 2

170

0.687

95

4.42

4.45

1.01

100

10.0

2.0

0.855

0.611

244

0.733

136

CV experiment was performed in O.lF TBAP/AN at R.T. vs. Ag/Ag+ (0.0lF) (0.304 V vs. SCE) but the
potentials were reported vs. SCE.
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Table 4-21

Polymer Film Electrochemistry of Polymers No. 9 and lOa-e.

Polymer jCVBFc E _ _
Pa
V

No.

EPC
V

A E

P
mV

("l/A
mV

C

f . = ( v ' p = ,/2 SolTO nt
V
system

Total Fe Apparent Fe
mol

mol

% Fe

electroactive

1.80x10~7

8 .50x10"8

47

6.78xl0-8

1.4?xl0"9

2

7 .1 2 x 10 - 8

4.51xl0" 9

6

N

1.22xl0"7

4.80xl0-8

39

If

1.41xl0“7

4.94x 10“8

35

tt

1.87xl0-7

7.35xl0-8

39

9

92

0.84?

0.610

237

203

0.729

10a

17

0.6?2

0.643

29

95

0.658

ft

10b

35

0.663

0.633

30

78

0.648

•t

10c

55

0.688 0.637

51

71

0.662

101

69

0.686

0.632

54

68

0.659

lOe

83

0.772

0.603

169

95

0.688

lOe

83

0.694 0.684

10

53

0.689

O.lF TBABFj/AN

-

-

-

lOe
mm*

83

0.779

0.530

250

340

0.655

O.lF TEAPTS/AN

-

-

-

lOe

83

0.772

0.551

221

150

0.662

m

f

O.lF TBAP/AN

■

O.lF TBAP/l11(v/v)AN-BuOH 2.14xl0~7 8.84xl0~7

VBFc = Vinylbenzyl ferrocenecarboxylated unltj a scan rate for each experiment was 50 mV/s.

W

loading and percentage of ele ctroactive ferrocene units of various
kinds of copolymers 10 having d iffe re n t loading densities of
ferrocene electroactive species.

From th is table we see that

copolymer having higher loading density of ferrocene units such as
the polymer lOe exhibited higher percentages of electroactive
ferrocene than those with low density loading such as 10a.
resu lt is also confirmed in F ig. 4-11A and 4-11B.

This

The curve of Fig.

4-11B had higher values of slope than the curve of Fig. 4-11A.

This

indicated th at the rate of electron tran sfer in copolymer lOe was
fa s te r than in the copolymer

10a.

The CV experiment of the copolymer 10a in d ilu te solution
1 0 '3 F J n 0.1 F_TBAP/3:l(v/v)DCM-AN) exhibited a "diffusion
controlled" appearance (F ig . 4-14) with a lack of any sig n ifican t
difference in redox potential (Table 4-22) between its thin film form
O
or a monomeric model 15 in d ilu te solution (~ 10
F, same solvent
system).

The wave shape was symmetrical with ipC/ i p a ~ ! •

peak separation was quite small (12mV).
independent of scan rates.

But the

Its Epa (or E° ) was

However, when the mole ra tio of VBFc was

higher, such as in polymer lOe the CV of the d ilu te polymer solution
(~ 10”3 F_ in 0.1 F_TBAP/3:l(v/v) DCM-AN) exhibited asymmetric waves
with ip C/1pa greater than 1 (F ig . 4-15) and th is ra tio decreased with
increased scan rates.
30mV).

The peak separations were also small (10-

By changing the solvent system the appearance of the CV wave

was also changed.

For example, the CV experiment of a d ilu te

solution of lOe (~ 10‘ 3 F_in 0.1 F_TBAP/1:1 (v /v ) DCM-NMP)'exhibited
a near Ideal "diffusion controlled" appearance with a ra tio of
i pc/ip a ~ ! •

The peak separation was also larger (F ig . 4-1 6 ).

The

•H

o

Current

0

0.1 mA

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.3

E, V. vs. SCE
Pig. k - \ k

CV of a diluted solution of 10a (l.lOxlO-3 F in Fc) at 100 mV/s in 0.1 F TBAP/
3«l(v/v) DCM-AN.

ro

Table 4-22

Solution Electrochemistry of Poly(vinylbenzyl ferrocenecarboxylate-cg-methyl methacrylate),10a
in O.lF TBAP/3ii(v/v) DCM-AN.

i
pa
mA

Sc

W

mA

1/

iy

logV

mV/s

E

pa

V

E

pc

V

AE

P

mV

E°'= (E + E )/2
' pa
pc "
V

6.80xl0"2 6 .89xl0 "2

1.0 1

20

4.47

1 .3 0

0 .6 8 3

0.671

12

0.677

1.14x10”* 1 .19x10”*

1.04

50

7 .0 7

1.70

0 .6 8 3

0.671

12

0.677

1.70X10**1 1 .83x10”*

1.08

100

1 0 .0

2 .0 0

0 .6 8 3

0.671

12

0.677

2 .70x10”* 2 .83x10”*

1.05

200

14.14

2.30

0 .6 8 3

0.671

12

0.677

Concentration of ferrocenecarboxylate unit = 1.10x10**%.
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Ef V. vs. SCE
Fig. '4-15

CV of a diluted solution of lOe (1 .35x10^

p jn pc) at loo mV/s in O.lF TBAP/

3*1 (v/v) DCM-AN.
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E f V. vs. SCE
Fig.' *1-16

CV of a diluted solution of lge (l.MxlO-^ F in Fc) at 100 mV/s in 0.1 F TBAP/
111 (v/v) DCM-NMP.
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Table 4-23

Solution Electrochemistry of Poly(vinylbenzyl ferrocenecarboxylate-co-methyl methacrylate),lOe
in O.lF TBAP/311(v/v)D CM-AN.

1pa

So

mA

mA

S c /S *

V

&

logy

mV/s

E

pa

V

E

pc

E
P

V

mV

E°'= (E + E )/2
' pa
pc "
V

1.34X10" 1 2 .22xl0_1

1 .6 6

50

7.07

1.70

0.681

0 .6 6 3

18

0 .6 7 2

2 .36xi0-i 3.74xl0_1

1.58

loo

1 0 .0

2 .0 0

0.680

0.667

13

0.674

3.92xl0- 1 5.28xi0_1

1.35

200

14.14

2 .3 0

0.682

0 .6 6 2

20

0 .6 7 2

5.52xi0- 1 6.93X10” 1

1 .2 6

500

2 2 .3 6

2 .7 0

0.686

0.659

27

0 .6 7 2

Concentration of ferrocenecarboxylate = 1.35xlO~^M.

3

2

i

10

Fig. 4-1?

Variation of i
of 10a and lQe in dilute solution with
pa
in O.lF TBAP/3»i(v/v) DCM-ANj O
A

lOe (1 .35xlO"^l).

10a (I.l0xl0"^l);

formal potential of the polymer in th is solvent system was about 50
mV lower than in the DCM-AN solvent system.

This was probably due to

a better s ta b iliz a tio n of the oxidizied ferricenium ions by NMP.

The

cyclic voltammetric properties of the polymer 10a and lOe in d ilu te
solutions are collected in Table 4-22 and 4-23 resp ectively.
variatio n of i n_
lOe
Ufl of 10a and IS
A

C.

The

with /v is also shown in Fig.
*' 4-16.

CV Experiments of Poly( vinyl benzyl ferrocenecarboxylateco-2-ethoxyethyl m ethacrylate), lla - e .

The CV experiments of freshly deposited films of the copolymer
lla - e on the Pt/PtO electrode were performed in 0.1F_ TBAP/AN.

All

th in film s exhibited no "break in period" except a film of 11a (F ig .
4-18A) which contained only 21% of 2-ethoxyethyl methacrylate
(EEMA).

This was not a surprising observation since the pendant

group of EEMA contained more methylene units than MMA, therefore its
copolymer should be softer (lower Tg) than the copolymer of MMA which
contained about the same mole ra tio of VBFc.

In the presence of a

non-solvent, the high local segmental motion of the polymeric chain
in combination with the solvent induced pendant group motion allowed
the solvent and e le c tro ly te to penetrate into the polymer matrices
very fa st and therefore the f i r s t oxidation cycle proceeded rapidly
without In h ib itio n by slow ion transport from the solution into the
nonpolar polymeric phase as found in the case of PVBFc.

In the

voltammetry of l i e (containing 76% EEMA), a large percentage of the
ferrocene e le c tro a c tiv ity was lo st a fte r the f i r s t positive potential
scan through the ferrocene-ferricenium reaction (F ig . 4-18B).

The

loss in e le c tro a c tiv ity of ferrocene decreased as the mole ra tio of

1.0 mA

1

rt

1.1

0.9

0.7

0.5

0.3

0.1

E| V . vs. SCE
Fig. 4-18A

CV of a thin film of 11a ( Q pple = 3*30xlO“ 7 mol cm”2) at 50 mV/s in 0.1 F TBAP/AN.

o

1.0 mA

a)

1.05

0.95
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0.45

0.35

0.25

E, V. vs. SCE
Fig. 4-18B

CV of a thin film of lie ( r^ppl
the ratio of Pg/ P^ =

-r? mol cm"2) at 50 mV/s in 0.1 F TBAP/ANj
= 2.41xl0-/

37 %

0
0
o

VBFc increased, F ig. 4-18A.
of l i e

In one experiment a CV of a thin film

exhibited complex electrochemical waves, suggesting

s ig n ific a n t differences in the nature and degree of interaction of
the ferrocenes in the oxidized and reduced states (F ig . 4-18B).

At

higher scan rates, diffusion al ta ilin g was increasingly evident.
A fte r the film s reached the steady state the CV waves of a ll polymer
film s in th is series are symmetrical.
polymers 11a and l i e
resp ectively.

Other CV properties of

are collected in Table 4-24 and 4-25

The variatio n of ip a , Epa and ( W j^ a

some ^orm

of scan rates were also shown in F ig . 4-19A-B, 4-20A-B and 4-21
resp ectively.

The trends of the influence of scan rates on these

three parameters are sim ila r to the case of poly(vinylbenzyl
ferrocenecarboxylate-co-methyl m ethacrylate), lOa-e
previously.

as mentioned

The percentage of e le c tro a c tiv ity of ferrocene in th is

series of polymers also increased as the density of the ferrocene
units increased (Table 4 -2 6 ).
The CV experiment of the copolymer l i e in d ilu te solution (~
1CT3 F_1n Fc in 0.1 F_ TBAP/3:1 (v /v ) DCM-AN) exhibited a "diffusion
controlled" appearance (F ig . 4-22) with small differences between the
formal potential of its th in film form or a monomeric model compound,
15 in d ilu te solution (~ 10"3 F_, same solvent system).

The wave

shape was almost symmetrical except th at there was evidence of s lig h t
adsorption of the ionic polymer at the electrode surface.

At slow

scan rates, the peak separations were small but tend to Increase with
Increasing scan rates.

Its formal p o ten tia ls, E0 ' , were independent

of scan rates (Table 4-27) while the peak currents were lin e a rly
dependent upon /v (F ig . 4-23A).

However, when the mole ra tio of VBFc

Table 4-24

Electrochemistry of CHE Coated with Polymer No. lie

('s«— **

@

20

,

‘i ^

CH20C-Fc

1pa
mA

ipc

if

S A a

&

logV

mV/s

mA

P*3

( V s )q gif.

’ 0 -74 4

oc^

oc^

.

’

CH2G1

E

E

AEp

V

V

mV

V

mV

pa

pc

E°' _ = (E + E
surf.

v pa

)/2 (W.
pc7/ ' 1/2'a

9.35xl0-2 9.55x 10“2 1.02

10

3.16

1.00

0.657

0.621

36

0.639

100

1.69x 10_1 1.72xl0-1 1.02

20

4.17

1.30

0.661

0.621

40

0.641

106

3.5^xlO"1 3.58X10"1 1.01

50

7.07

1.70

O .669

0.608

61

0 .6 3 8

112

6.11x10”* 6 .15x10”* 1.01

100

10.0

2.00

0.676

0.602

74

0.639

119

1.01

200

14.14

2 .3 0

0.684

0.588

96

0 .6 3 6

126

1.06

0.95

CV experiment was performed in O.lF TBAP/ AN at R.T. vs. Ag/Ag+ (0.OlF)(0.304 V vs. SCE) but the
potentials were reported vs. SCE.
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Table 1*-25

Electrochemistry of CME Coated with Polymer No. iia

)n 7 6

^

CH

o ./o

/

9

_ \

( Y ^ ) 0.03

ut3

roc* °2h 40*21
(9 )
oc 2h 5 ^ * C H 2C1

logV

E

pa

E

pc

AE

p
mV

>

-G

II

V

0

ip</ipa

<

Sc

(W i/ 2 )

<

s®

1

■

'ch 2 oc - f c

mV

6.i0xi0-1 5#63xio_1

0.92

5

z.zb

0 .7 0

0.653

0.631

22

0.61*2

50

1.10

1.06

0 .9 6

10

3 .1 6

1.00

0.659

O.63 I

28

0.61*5

55

1.90

1 .8 1

0.95

20

i*.i*7

1 .3 0

0.672

0.629

43

0.650

65

3.56

3.31

0.9^

50

7.07

1 .7 0

0.683

0.628

55

O .656

85

5*39

5.08

0.9^

loo

10.0

2.00

0.73**

0.618

116

0.676

99

mA

V

mV/s

mA

V

CV experiment was performed in O.lF TBAP/AN at R.T. vs. Ag/Ag+ (0.0iF)(0.30l* V vs. SCE) but the
potentials were reported vs. SCE.
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Table *1-26

Polymer

Polymer Film Electrochemistry of Polymer No. 9 and lla-e.

JfVBFc

E

pa

V

No.

AE

V

mV

mV

V

mol

256

203

0.719

1.80xl0~7

8 .50xl0- 8

**7

pc

P

(Wi/2)

E0 ' = (E + E )/2
surf. ' pa
pc"

Total Fe

Apparent Fe

%Fe electroactive

E

mol

9

92

0.81*7

0.591

11a

76

0.683

0 .6I3

70-

78

0.648

1.74xl0~7

6.6i*xl0""8

38

lib

58

0.699

0 .6I3

86

96

O .656

8.42xl0“8

3.84xl0-8

46

11c

33

0.674

0 .627

1*8

212

0.650

6 .25xl0 " 8

6.86xi0-^

11

lid

29

0.677

0.642

35

82

0.659

lie

20

0 .6 6 9

0.606

63

112

0 .6 3 8

-

1.27xl0-7

l.lOxlO"8

The solvent System was O.lF TBAP/AN{ a scan rate for each experiment was 50 mV/s.
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Fig. 4-22

CV of a diluted solution of lie (1.07x10"^ F in Fc) at 100 mV/s in 0.1 F TBAP/
3«l(v/v) DCM-AN.

00

00

Table 4-27

Solution Electrochemistry of Poly(vinylbenzyl ferrocenecarboxylate-co-2-ethoxyethyl
methacrylate),lie, O.lF TBAP/3il(v/v) DCM-AN.

1pa

i
pc

mA

mA

w

V

£7

E

lo g y

mV/s

pc

p

V

V

mV

35

l.iixiO" 2 1.16xl0“2

I .05

100

1 0 .0

1 .3 0

0 .6 8 8

0.653

i.68xi0-2 i.77xl0-2

1 .0 5

200

14.14

2.00

O .696

0.651

2.78xi0"2 2.97xi0-2

1 .0 7

500

22.36

2 .3 0

0.714

0.644

Concentration of ferrocenecarboxylate unit = 1.0?xl0_^ M.

AE

E°'= (E + E )/2
' pa
pc7'
V

0.670
0.674

70

0.679

190
3

t

2

1

0
10

Pig. 4-23A

Variation of i
in Fc) with

20

of l i e

30

in diluted solution(1.0?xl0“^ F

in 0.1 F TBAP/3il(v/v) DCM-AN.

3

*£§ 2
•»

I
o

•rH

1

0
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20
&

Fig. 4-23B

Variation of i

of 11a in diluted solution(l.l6xl0"3 F

in Fc) with fv in 0.1 F TBAP/3il(v/v) DCM-AN.

was increased, such as in polymer 11a, the CV of the d ilu te polymer
solution (~ 10“3 F_in Fc in 0.1 F_ TBAP/3:1 (v /v ) DCM-AN) exhibited
asymmetric waves with the ratios of 1pc/ i pa greater than 2 (F ig . 424) and th is ra tio tended to decrease when the scan rate increased.
This phenomenon indicated that there was a large adsorption of the
ionic polymer at the electrode surface.

The variations of other

parameters such as AEp and E0 ' with some forms of scan rates are
illu s tr a te d in Table 4-28 while the variatio n of i pa
na with /v is also
shown in F ig. 4-23B.

When the solvent system was changed, the

appearance and the formal potential of the CV wave were changed
als o .

For example, the CV experiment of a d ilu te solution of U a

(~ 10”3 F_1n Fc in 0.1 F_ T B A P /l:l(v/v ) DCM-NMP) exhibited a near
ideal "diffusion controlled" appearance with the ra tio of ip C/ i pa ~
1.5 (F ig . 4 -2 5 ).

The formal potential of the polymer in th is solvent

system was also lower than in the DCM-AN solvent system by about 45
mV.

The reason fo r th is lowering in formal potential appears to be

s im ila r to the case of the copolymer lOe.

D.

CV Experiments of Ferrocenecarboxymethylated Polysulfones
12a-d.

mm

The CV experiments of freshly deposited film s of the
copolymers 12a-d on Pt/PtO electrode were carried out in 0.1 F_
TBAP/AN.

A ll th in films required many cyclic potential sweeps before

the e n tire film s became fu lly activated and a "steady state"
voltammogram was obtained.

This sluggish nature of the redox process

in polysulfones is due to a low local segmental motion of the

0.1 mA

o

t

©

0

.d

1.1

0.9

0.7

0.5

0 .3

E, V. vs. SCE
Fig. 4-24

CV of a diluted solution of tta(l.l6xl0“^ F in Fc) at 100 mV/s 0.1 F TBAP/
3il(v/v) DCM-AN.
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/

Table 4-28

Solution Electrochemistry of Poly(vinylbenzyl ferrocenecarboxylate-co-2-ethoxyethyl
methacrylate), 11a, in O.lF TBAP/3*l(v/v) DCM-AN.

i
pa

i
pc

mA

mA

V S a

logy

V

E

pa

V

mV/s

E

pc

V

AE
p

E°'= (E + E )/2
' pa
pc'7

mV

V

1.00x10”1 2.57x10”*

2.57

50

7.07

1.70

0.692

0.674

18

0.683

1.81x10"* 4.53x10”*

2 .5 0

100

10.0

2.00

0.694

0.677

17

0.686

2.65x10"* 5.65x10“*

2.13

200

14.14

2 .3 0

0.702

0.681

21

0.692

Concentration of ferrocenecarboxylate unit = 1.16x10

M

VO
CO

0.1 mA

-P

C

<D

•H
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0 .2

E, V. vs. SCE
Pig. k - 2 5

CY of a diluted solution of 11a (I.»l3xl0“^ F in Fc) at 100 mV/s in 0.1 F TBAP/
lil(v/v) DCM-NMP.

VO

polymeric chain (high Tg) .

As the potential scan started the f i r s t

oxidation cycle proceeded very slowly due to the sluggish ion
transport from the solution into the nonpolar polymeric phase;
therefore only a small oxidative current was observed.

When the

potential scan was reversed the reduction of the ferricenium occurred
at a fa ste r ra te .

This process was accompanied by the flow of the

solvent and e le c tro ly te out of the polymer film .

Apparently polymer

swelling and shrinking occurred at d iffe re n t rates, the la t te r being
generally slow [2 36].

Therefore as continuous re p e titiv e sweeps were

applied, the m obility of ions in polymer matrices increased
(resistance decreased) and larger currents were passed (F ig . 4 -26).
F in a lly the film was fu lly activated and a "steady state"
voltammogram was obtained.

Stopping the potential scan fo r a period

of 8-10 minutes in a region where the polymer was uncharged caused
the polymer morphology to revert back to it s original stage.

When

the potential scan was reapplied the oxidation process repeated
i t s e l f by starting from the beginning as though we were performing a
CV experiment of a fresh new film .

However, we observed that more

potential sweeps were required fo r the new morphological film to be
f u lly activated and to obtain a "steady state" voltammogram.
are shown in Fig. 4-27A-C.

These

I t seemed lik e ly th a t the new morphology

was more ordered than the o rig in al spin coated film .

I f we wanted

the film to be activated rapidly we could do so by holding the
potential at any positive value of the reversible potential fo r a
s u ffic ie n tly long period of tim e, I . e . +0.7V vs Ag/Ag+(0.01 F) f o r
about 10 mln.

Even though the film was fu lly activated the CV waves

of the oxidation process s t i l l exhibited overpotential waves with

o
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1.0 mA
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•rl
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0.8
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0 .2

o

E t V. vs. SCE
Fig. 4-26

CV of 12a (Qppi. = 3*Wxl0”7 mol cm-2 in Fc) at 50 mV/s in 0.1 F TBAP/AN.
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E, V. vs. SCE
Fig. 4-27A

CV of 12b ( f ^

= 2 . 6 5 x 1 0 mol cm-2in Fc) at 50 mV/s in 0.1 F TBAP/AN.
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Fig. U - 27B

CV of 12b (same film and same conditions as Fig. U -2 7 A ), run after stop scanning
at +0.10^ V. for about 8-10 min.
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E, V. vs. SCE
Fig.

27C

CV of 12b (same film and same conditions as Fig. 4-27A) t run after stop scanning
for another 8-10 min.

UD

irre v e rs ib le and nonconsistent behavior while the CV waves of the
reduction process were reversible and consistant (F ig . 4 -2 8 ).

This

behavior must have been caused by the high resistance of the nonpolar
polymeric film and probably by the fa s te r shrinking process of
polysulfone than other polymeric systems th at we have already
investigated.

Another e ffe c t which is also derived from a high

resistance of the polymer film was a d iffu s io n -ta ilin g appearance of
the anodic waves.
ra te s .

The magnitude of th is e ffe c t increased with scan

Other CV properties, such as i pc, Epc and ( W j^ c *

polymer 12a and 12c are collected as a function of some forms of scan
rates in Table 4-29 and 4-30 resp ectively.

The influence of scan

rates on these three CV parameters is also shown in F ig. 4-29, 4-30
and 4-31.

The percentage of ferrocene e le c tro a c tiv ity in th is series

of polymers was found to increase as the density of ferrocene units
increased (Table 4-31).

However, other parameters such as the nature

of solvent and e le c tro ly te also influenced the percentage of
ferrocene e le c tro a c tiv ity d ra s tic a lly (compare the results in lines
3,4 and 5 of Table 4 -3 1 ).
Upon changing the solvent or using d iffe re n t ele ctro lyte s the
rate of oxidation process changed d ra s tic a lly whereas the reduction
rate was affected only s lig h tly .

For example, when a CV experiment

of a freshly deposited film of 12a was carried out in 0.1F_TBAP/1:1
(v /v ) AN-BuOH, the "break-1n period" of the film was reached a fte r a
few potential sweeps and the oxidation waves became more reversible
at slow scan rates (F ig . 4 -3 2 ).

However, the s h ifts in Epa tended to

be large compared to the corresponding s h ifts in E__ when the scan
rates increased.

Changing the e le c tro ly te from TBAP to TBABF^ but

200 mV/s
100 mV/s
50 mV/s
20 mV/s
10 mV/s
5 mV/s

+»
c
o
1.0 mA
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E f V. vs. SCE
Fig. 4-28

CV of a thin film of 12a (same film and same conditions as in Fig. 4-26) at variation
of the scan rates.
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Table 4-29 Electrochemistry of CHE Coated with Polymer No. lga,

(CNgCL^

((5r2oe-Fc)1 - s

ipc

V

bA

bA

1p</ipa

V

logV

mV/s

E

E

AE„

V

V

mV

PC

pa

P

E0 '

“ (E + Epc/
)/2
/„)
7 (V4
' 1/2'c

s u rf. ' pa
V

mV

3.30x10“ 3.15xlO_1

1.05

5

2.24

0.70

0.854 0.640

214

0.747

95

4.90x10” 4.53*10_1

1.08

10

3.16

1.00

0.915 0.624

291

0.770

132

6.20x10“ 6.30xl0_1

0.98

20

4.47

1.30

0.945 0.604

341

0.774

151

7.90x10” 7.44x10”*

1.06

50

7.07

1.70

0.951 0.568

383

0.760

166

9.00x10“ 9.45x10"1

0.95

100

10.0

2.00

0.911 0.540

371

0.726

220

1.00

0.85

200

14.14

2.30

0.937 0.514

423

0.726

252

1.18

CV experiment Has performed In O.lF 1BAP/AN at R.T.

vb.

Ag/Ag+(0.0lF)(0.304 V vs. SCE) but the

potentials Here reported vs. SCEj a lack of consistency of E

's Has observed due to variation of film

1^*

resistance during the redox process.

Table 4-30 Electrochemistry of CHE Coated with Polymer No. 12c

.
0Zf

E

- ^ ) - s o 2- ( g H n
_____________________

ipc

i
pa

mA

mA

9.20xl0-2

V

ipc/ipa

«7

logV

mV/s

E

pc

E

pa

AE

P

V

V

mV

JKrf.■ V

V

)/2

V .

V

mV

6.89xl0"2

1.3^

20

4.47

1.3

0.826

0.550

276

0.688

247

1.62x10“1 1.06xl0_1

1.53

50

7.07

1.7

0.84-5 0.50 7

338

0.676

340

2.10X10"1

1 .3 8 x 10_ 1

1.52

100

10.0

2.0

0.936

0.448

488

0.692

442

2.90xl0-1

1.91X10" 1

1.56

200

14.14

2.3

1.24

0.378

862

0.809

very

broad

CV experiment was performed in O.lF TBAP/AN at R.T. vs Ag/Ag+ (0.0lF)(0.304 V vs. SCE) but the potentials
were reported vs. SCE.
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Variation of i

of iga and 12c with f t

15

in

O.lF TBAP/AN; A polymer 12a (f^ppli = j M x l c T 7
n

mol cm"

in F c ) ; 0 polymer 12c (rappl § “

9.00xl0~8 mol cm"2in Fc).
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Fig. 4-30

Variation of E^c of 12a and 12c in thin film forms
with log*/, same conditions as Fig, 4-29.A copolymer
12a; G copolymet 12c.
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Fig. 4-31

3

Variation of (W^y2 )c of 12a and 12c in thin film
forms with logl/, same conditions as Fig. 4-29.

A copolymer 12a j e

copolymer 12c.

Table 4-31

Polymer Film Electrochemistry of Polymer No. I2a-d.

Polymer D.S.Fca E ^
No.

V

Ep
V

mV

(W ^ 2)a

Ofy2 )c

mV

mV

Eg ^ , = (Epa+ E pc)/2
V

Solvent Total Fe Apparent Fe
system

mol

mol

% Fe

electro
active

12c

0.44

0.862 0.607 141 356

200

0.73**

121

1.06

0.812 0.617 195 215

179

0.714

"

1.21xl0~7 2.46xl0“8 20

12a

1.39

0.825 0.598 227 329

217

0.712

"

1.80xl0"7 4.52xl0" 8 25

12a

1.39

0.888 0.655 233 112

104

0.772

O.lF TBABF^AN 9.38x10“8 4.98xl0-8 53

12a

1.39

0.749 0.548 201 462

253

0.649

O.lF TBAP/1l1(v/v) 1.34xl0~7 5.66xl0~8 42

O.lF TBAP/AN 4.75xl0-8 9.56x1o" 9 20

AN-BuOH
12b

2.07

0.911 0.600

311 129

124

0.756

O.lF TBAP/AN

0.755b 0.855b

A scan rate for each experiment was 50 mV/s
a D.S.Fc = the number of ferrocenecarboxylate unit per repeating polymer unit
^

Shoulder.

1.40xl0-7 7.45xl0"8 53
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E, V. vs. SCE
Fig. 4-32

CV of 12a (2.54xl0“7 mol cm*2 in Fc) at 50 mV/s in 0.1 F TBAP/lil(v/v)
AN-n-BuOH.

ro
O

using the same solvent (AN) was also found to a ffe c t the break-in
period, the wave shape and the peak separation.

For instance, when a

CV experiment of a freshly deposited film of 12a was carried out in
0.1F_ TBABF4/AN, the break-in period of the film was obtained a fte r
one potential sweep and the oxidation wave became more reversible
(F ig . 4 -33).

However, the s h ifts in Epa tended to be large compared

to the s h ift in EpC when the scan rate increased.

These results

suggested that solvent and e le c tro ly te became incorporated into the
film during oxidation, but were slowly expelled in the following
reduction.
The CV experiment of polymer 12C in d ilu te solution (1.4x10“^ F_
in Fc in 0.1F_TBAP/3:1 (v /v ) DCM-AN) exhibited a "diffusion
controlled" appearance (F ig . 4-34) with lack of any s ig n ific a n t
difference between its formal potential and its thin film form.

The

wave shape was approximately symmetrical; i pc/ i p a was about 1 .0 .

The

peak separations were small (20-30 mV) and the formal p o ten tials,
E0 ' , were independent of scan rates (Table 4 -3 3 ).

At scan rate < 200

mV/s the peak currents were lin e a rly dependent on /v but s lig h tly
deviated from a straight lin e at v>500mV/s (F ig . 4 -3 5 ).

However,

when the mole ratios of ferrocene units were increased, such as in
polymer 12a, the CV of the d ilu te polymer solution (~ 1 0 " ^ 1 n Fc in
0.1F_ TBAP/3:1 (v /v ) DCM-AN) exhibited an asymmetric wave (F ig . 4-36)
with the ra tio of 1pC/1pa greater than 1 .5 , and th is ra tio tended to
Increase when the scan rates decreased.

This phenomenon indicated

that there was a large adsorption of ionic polymer at the electrode
surface, and th is adsorption tended to increase with tim e.

The

variation of other parameters such as aEp and E0' with some forms of

J_______________I_______________ I_______________ I______________ _J
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Fig. 4-33

CV of 12a (

= 1.78xl0"7 mol cnf2) at 50 mV/s in 0.1 F TBABF^/AN.
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CV of a diluted solution of 12c (2.65x10"^ F in Fc) at 100 mV/s in 0.1 F TBAP/
3«l(v/v) DCM-AN.
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Table 4-32

Solution Electrochemistry of Polymer No. i2c (D.S.Fc. = 0.44) in O.lF TBAP/3*l(v/v)DCM-AN.

i
pa

i
pc

mA

mA

V

logy

V S a
mV/s

E

pa

E

pc

AE

P

V

V

mV

E°'= (E + E )/2
' pa
pc"
V

9.61xi0~2 9.45xi0-2

0.98

50

7.07

1.7 0

0.712

0.681

31

O .696

1.40xi0_1 1.57xi0_1

1.12

100

10.0

2 .0 0

0.706

0.683

23

0.694

2.20X10-1 2.35x10”*

1.07

200

14.14

2 .3 0

0.706

0.683

23

0.694

3.89X10”1 3.94x10”*

1.01

500

2 2 .3 6

2 .7 0

0.706

0.683

23

0.694

Concentration of ferrocenecarboxylate unit = 4.33xi0~^M.
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Fig. 4-35

Variation of i

of 12c in dilute solution

(4.33xl0"% in Fc) with 'Tv in O.lF TBAP/3:i(v/v)
DCM-AN.
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Variation of i
of 12a in dilute solution
pa
/V'
(1.17x10"% in Fc) with ^
DCM-AN.

in O.lF TBAP/3«l(v/v)
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Fig. 4-36

CV of a diluted solution of 12a (2.22xl0-^ F in Fc) at 100 mV/s in 0.1 F TBAP/
3il(v/v) DCK-AN.

Table 4-33

Solution Electrochemistry of Polymer No. 12a (D.S.Fc. = 1.39) in O.lF TBAP/3»i(v/v)DCM-AN.

V

i
pc

mA

mA

W

V

€7

logV

mV/s

E

pa

V

E

pc

V

AE
P
mV

E0 ' = (E + E )/2
' pa
pc '
V

1.20x10“* 2.59xl0-1

2.16

50

7.07

1.70

0.703

0.699

4-

0.701

1.89x10"* 3.64x10"*

1.93

100

10.0

2.00

0.703

0.699

b

0.701

3.2lxi0“* 5.67x10"*

1.77

200

lfc.ifc 2 .3 0

0.697

0.697

0

0.697

Concentration of ferrocenecarboxylate unit = I.l7xi0~%.

scan rates were Illu s tra te d in Table 4-33 while the variation of i pa
na
with /v was also shown in F ig . 4-36.

E.

CV Experiments with the Quats of Ferrocenecarboxymethylated
Polysulfones, 14a-d.

In 0.1T TBAP/AN the CV of freshly deposited film of the quat
14a(D.S.Q. = 0.02) required only three cyclic potential sweeps before
the e n tire film to become fu lly activated (F ig . 4-38A).

This

indicated that the quat provided an excellent swelling property to
it s parent polysulfone d erivative (c f . F ig. 4-26) and allowed high
ionic m obility in the polymer matrices.
resistance was low.

Therefore the film

In 0 .1 £ T B A P /l:l(v /v ) AN-j^-BuOH, a ll thin films

also exhibited remarkably fast CV responses.

For example a thin film

of 14a (D.S.Q. * 0.02) required three cyclic potential sweeps before
the e n tire film became fu lly activated (F ig . 4-38B).

Stopping the

scan a fte r the film was fu lly activated fo r a period of 8-10 minutes
in the region where the polymer was uncharged did not cause the
polymer morphology to revert back to its original state at any
s ig n ific a n t ra te .

Therefore when the potential scan was reapplied

the oxidation process proceeded very fast and gave approximately
maximum current.

At slow scan rates (< 50mV/s) both reduction and

oxidation waves were reversible (F ig . 4-3 9 ).

One of the effects

derived from a film or solution resistance was a “diffusion ta ilin g "
appearance.

F ig. 4-39 shows th at the oxidative waves exhibited a

higher diffusion ta ilin g e ffe c t than the corresponding reduction
waves.

This Implied th at the film In the ferrocene state s t i l l had

s lig h tly higher film resistance than in the ferricenium s ta te .

The
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Fig. 4-38

o.e

CV "break-in” of the thin films of 14a (D.S.Q. - 0.02)
at 50 mV/s (A) in O.lF TBAP/AN} Tappl< = 2.i7xi0“7
mol cm-2 in Fc. (B) in O.lF TBAP/itl(v/v) AN-n-BuOH;
f^ppl

= 2.56x10-7 mol cm-2 in Fc.
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— 39

CV of a thin film of 14a (same film and same conditions as Fig. 4-38) showing
diffusion tailing appearance.

magnitude of diffusion ta ilin g increased with scan rates.
properties of 14a such as AEp, E°u rf and

Other CV

are collected in

Table 4-34 and the influence of scan rates on i pa, Epa and (Wjy2) a
were also shown in F ig . 4-40, F ig . 4-41 and Fig. 4-42 respectively.
When the D.S. of quat increased the "break-in period" of the th in
polymer film s decreased.

For example a CV experiment of

quat 14b (D.S.Q. =

0.17) required only one potential sweep before the

e n tire film became

f u lly activated while a th in film of 14c (D.S.Q. =

0.33) exhibited no

"break-in period" (F ig . 4 -4 3 ).

properties of polymer 14c are collected in

Other CV

Table 4-35 and the

influence of scan rates on i pa, Epa and (W j/2)a are a^so shown 1°
F ig . 4-40, F ig . 4-41 and F ig. 4-42.
Since the resistance of polymer film depended upon the amount of
quat and the p o la rity of a pendant group in the polymeric chain, we
decided to Introduce a quat containing a hydrophilic hydroxy group
into the electroactive polysulfone and to use i t as a coating.

The

CV experiment of th is freshly deposited quat film , 14d, (D.S.Q. =
0 .0 6 , r appi # 3.16x10"^ mol cm“^ in Fc) exhibited no "break-in period"
(F ig . 4 -4 4 ).

This indicated th at the oxidation process proceeded

very rapidly due to a lowering in resistance of the film .

Since i t

was mentioned previously th at the quat film of D.S.Q. = 0.17 ( rappi .
= 2.78x10“^ mol. cm“^ in Fc) required one potential sweep before the
"break-in period" was obtained, therefore the result of th is
experiment showed th at the hydroxy group also played an important
role in lowering the film resistance by helping the film to swell
ra p id ly .

The percentage of e le c tro a c tiv ity of ferrocene 1n th is

series of quat polymers was quite high (Table 4-36) compared to the

Table 4-34

Electrochemistry of CME Coated with Polymer No. 14a,

(CHpCl) ?l-(cHJjEt0)n
\
*
\ c i ~ 3 0.02
_

©

_ s o 2

~

(6 rz y ° h . 2 2

ipa

mA

i

pc

ipc/ipa

V

logj/

mV/s

mA

E

Epc

A E

V

V

mV

V

pa

P

E0'

= (E + E

surf.

pa

)/2
pc'

<V>a
mV

3.83x10"* 2.95xi(T*

0.77

5

2 .3 0

0.70

0.673

0.607

66

0.640

122

4. 63x10"* 3 .52x10"*

0.76

10

3.16

1.00

0.689

0.597

92

0.643

179

5.56x10"* 4.33xlo"*

0.78

20

4.47

1.30

0.735

0.586

149

0.660

290

7.14x10"* 5.56x10"*

0.78

50

7.07

1.70

0.762

0.560

202

0.661

464

CV experiment was performed in O.lF TBAP/1 11 (v/v)AN-BuOH at R.T. vs. Ag/Ag+ (0.0lF)(0.3l8 V vs. SCE)
the potentials were reported vs. SCE.
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Fig. 4-4-0
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Variation of ipa of quat 14a and 14c
/v- in
thin film forms with Vv in O.lF TBAP/111
(v/v) AN-BuOH. A

quat 14a j O quat 14c.
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______________________i_______________________ I
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2
logV
Fig. 4-41

Variation of E

P ci

of quat 14a and 14c
^

++

in thin

film forms with log V ? same conditions as
Fig. 4-40. A. quat 14a? © quat 14c.
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Pig. 4-42

Variation of 0 ^ / 2 ^ a

2
£uat 14a and 14c in thin

film forms with logJ/; same conditions as Pig. 4-40.
&

quat 14a; O quat 14c.

•rl

•H

1.2

1.0

0.8

0.6

0.2

0

E, V. vs. SCE
Fig. k - k j

CV of a thin film of quat l^c ( D.S. of quat = 0.33) at 50 mV/s in 0.1 F TBAP/
l»l(v/v) AN-n-BuOHj rappl< = l.?8xl0“7 mol cnf2 .
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Table 4-35

Electrochemistry of CME Coated with Polymer No. 14c,

(cH Cl)^

(CHgfet )

(°H20 § -F c )i.06

^pa

mA

Sc

ipc7
V i pa

mA

V

f t

log V

mV/s

E

E

A E

V

V

mV

pa

pc

P

E0' = (E + E )/2
surf. x pa
pc7/

( V 2>a

V

mV

3 .52xl0-1 2.44xl0_1

0.69

10

3.16

1.00

0.717

0.539

178

0.628

185

5.00xlo_1 3.44xl0_1

O .69

20

4.47

1.30

0.746

0.532

215

0.640

227

4.72x10-1

0.65

50

7.07

1.70

0.779

0.509

270

0.644

381

9.22xl0_1 5.85xl0-1

O .6 3

100

10.0

2.00

0.818

0.475

343

0.646

515

7.22xl0-1

CV experiment was performed in O.lF TBAP/iii(v/v)AN-BuOH at R.T. vs. Ag/Ag+ (O.OlF) (O.3I8 V vs. SCE)
but the potentials were reported vs SCE.
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0.8
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0 .2

E, V. vs. SCE
Fig. k - lA -

CV of a thin film of quat 153 (D.S. quat = 0.6) at 50 mV/s in 0.1 F TBAP/
lil(v/v) AN-n-BuOHj r^ppl# = 3*16xl0-7 mol cm-2 in Fc.

Table 4-36

Polymer

Polymer Film Electrochemistry of Polymer No.14a-d.

D.S.Fc. D.S.Q.

No.

E
mV/s

p&
V

E

pc

&E

V

p

mV

(W. /_)
1/ fa a

E^ _ = (E^ + E )/2 Solvent
sun •
pa
pc

mV

V

system

Total Fe Apparent Fe
mol

mol

fSFe

electro
active

65

14a

1.22

0.02

10

0.789 0.612 177

163

0.700

O.lF TBAP/AN

14b

1.22

0.02

5

0.673 0.607

122

0.640

O.lF TBAP/iii(v/v) 1.35xi0"7 6.58x10' 8 49

66

1.14xl0“7 7.40xl0~8

AN-BuOH
II

1.47xl0-7 8.93xl0“8

0.629

II

9.40xl0-8 6 .05xl0- 8

0.641

II

1 .67xl0 " 7 7 .07xl0~8

14b

1.14

0.17

10

0.721 0.545 176

235

0.633

14c

1.06

0.33

10

0.717 0.540 177

185

14d

1.22

0.06

10

0.730 0.552 178

182

61
64

42

D.S.Fc. the number of ferrocenecarboxylate per repeating polymer unit.
D.S.Q = the number of quat per repeating polymer unit.
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nonquat electroactive polysulfones (Table 4 -3 1 ).

For example, a th i

film of the electroactive ferrocene quat 14a (D.S.Fc. * 1.22,

D.S.Q

= 0.02) has a percentage of electroactive ferrocene about 2.6 times
higher than a thin film of the electroactive ferrocene polysulfone
12a (D.S.Fc. = 1.39 but without quat, same solvent system).
The CV experiment of quat 14a in d ilu te solution (~10“3F_ in Fc
in 0.1F_ TBAP/3:1 (v /v ) DCM-AN) exhibited a "diffusion controlled"
appearance (F ig . 4-45) with small peak separations.

The peak

separations tended to increase with scan rates while the formal
potentials were independent of scan rate s.

A ll of the CV parameters

mentioned above, including peak currents and (W ^ J a * are co11ected
in Table 4-37 while the variatio n of 1na
pa with /v is also shown in
Fig. 4-46.

However when the D.S. of the quat was higher, as in 14c

(D.S.Q. = 0 .3 3 ), the CV experiment of Its d ilu te solution (~5xlO“^F_
in Fc, in 0.1F_TBAP/3:1 (v /v ) DCM-AN) exhibited symmetrical waves
(F ig . 4-47) with a ra tio of ip C/ i p a ■ 1«13 but the peak separation
was smaller than the quat of 14a.

Other CV parameters of quat

14c are collected 1n Table 4-38 while the variatio n of 1na
pa with
/ v 1s also shown 1n Fig. 4-46.

F.

CV Experiments of Ferrocene and Some of Its Derivatives

The CV experiments of ferrocene and some of Its derivatives in
d ilu te solution (~10“3F_in Fc in 0.1F_TBAP/3:1 (v /v ) DCM-AN) were
performed 1n order to study the e ffe c t of substitutent groups
attached to the ferrocene molecule.

The results of th is study could

be used to study the Influence of the polymer backbone on the redox
reactions of ferrocene electroactive polymers.

The monomeric

compounds in th is study Included ferrocene, ferrocene carboxyl 1c

0.2 mA
•H

20 mV/s
50 mV/i
100 mV/i

•H

200 mV/s

1.2

1.0

0.8

0.6

0.4

0.2

E| V ■ vs • SCE
Fig. 4-45

CV of a diluted solution of quat 14a (9.l7xl0-^ F in Fc) in 0.1 F TBAP/
3«l(v/v) DCM-AN.
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pa

mA

i

*

i

Solution Electrochemistry of Polymer No.14a in O.lF TBAP/3*l(v/v)DCM-AN.

pc

V S a

iv

logV

to

Table 4-37

mA

E

pa

E

pc

AE

E°'= (E
P

V

V

mV

+ E

' pa
V

)/2

pc7/

<Wl/2>a
mV

7.64xl0~29.45xi0~2

1.24

20

4.47

1.30

0.719

0.693

26

0.706

147

I.^i9xi0"11.77xi0“1

1.19

50

7-07

1.70

0.720

0.681

39

0.700

U5

2 .5 ix l0 “12.93xl0"1

1.17

100

10.0

2.00

0.726

0.681

45

0.704

119

3.93xlO_14.51xlO"1

i.1 5

200

14.14

2.30

0.745

O.67I

74

0.708

122

Concentration of ferrocenecarboxylate unit =
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io

Variation of i

pa

15

20

of diluted solutions of quat 14a
~

(9.l7xlO“^M in Fc) ani quat 14c (5.4-3x10" M in Fc)
with i d

in 0.1F TBAP/3«l(v/v) DCM-AN. O quat 14a;

▲ quat 14c.

o
0.1 mA

-p

c

0

®

1.2

1.0

0 .8

0.6

0.4

0.2

Ef V. vs. SCE
Fig. 4-47

.-4
CV of a dilute solution of 14c (5.43x10
F in Fc) at 100 mV/s in 0.1 F TBAP/
3il(v/v) DCM-AN.
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Table 4-38

ipa
mA

Solution Electrochemistry of Polymer No. 14c in O.lF TBAP/3*l(v/v)DCM-AN.

ipc
mA

S A a

log 3/

V

mV/s

E

pa
V

E

pc
V

AE

P

mV

E°'= (E + E )/2
' pa
pc "
V

mV

l.OOxlO”1 I.l2xl0_1

1.12

50

7.07

1.70

0.713

0 .6 9 2

•21

0 .7 0 2

160

1 .50x10“* 1 .69xl0_1

1.13

100

10.0

2.00

0.708

0.693

15

0 .7 0 0

184

2.40x10“* 2.79xl0-1

1.16

200

14.14

2.30

0.707

O .696

11

0 .7 0 2

229

4.13jc10-1 4.6ixiO~1

1 .1 2

500

22.36

2.70

0 .7 2 2

0.693

29

0.708

240

Concentration of ferrocenecarboxylate unit = 5.43x10 **H.
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acid, benzyl ferrocenecarboxylate, a mixture of jn & j)-v in y l benzyl
ferrocenecarboxylate and a mixture of m_ & £-ethylbenzyl
ferrocenecarboxylate.

The data on th e ir CV properties are

illu s tra te d in Table 4-39.

The data in Table 4-39 indicated that

electron withdrawing groups attached to the ferrocene molecule
increased the formal potential (E °') of the ferrocene species.

The

alkyl groups attached to a carboxyl ate group also play some role in
affectin g the E0 ' values of the ferrocene redox p o te n tia l.

For

example, an ethyl group attached to the benzene nucleus has a higher
electron-donating a b ilit y than the vinyl groups.

The effe c t of the

electron-donating a b ilit y of the alkyl group is seen in the values of
formal potentials of the compounds compiled in Table 4-39.

There is

no evidence that vinylbenzyl ferrocenecarboxylate electropolymerized
at the electrode surface in the experimental potential range (+ 0 . 2 2
to 1.12 V vs SCE)(Fig. 4 -4 8 ).

The influence of scan rates on CV

parameters of our monomeric model (rn & £-ethylbenzyl
ferrocenecarboxylate is illu s tra te d in Table 4-40 and the variation
of i pa with A> is shown in F ig . 4-49.

4.6

Determination of Total Ferrocene (or Iron) Coverage and
Percentage of Electroactive Ferrocene.
The determination of to ta l ferrocene (or iron) coverage in the

coating was determined according to the method of Rosenberg and R1ber
[237] by digestion the polymer samples with concentrated n itr ic acid
and hydrogen peroxide u n til a clear colorless solution was
obtained.

In th is method the iron in the F e ( II) state 1n the

ferrocene derivative of polymer was oxidized to F e ( I I I ) ion which

Table

Influence of Substituent Groups on Voltamhatric Properties of Ferrocenes

£

E0’ = ( S ^ ♦ E^J/2. V

Compound

E . Vb
pa*

v

Ferrocene(Fc)

0.495

0.400

95

220

0.448

Ferrocenecarboxyllc

0.712

0.654

58

189

0.683

acid
Benzylferrocene-

A E , aV
P

yb

< V a ’ nV

‘

/

0.731

0.667

64

very broad

0.699

0.748

0.678

70

very broad

0.713

0.735

0.639

96

very broad

0.68?

carboxylate
a A £-Vinylbenzyl

ferrocenecarboxylate
a it jg-Ethylbenzyl

ferrocenecarboxylate

a

All CV experiments were perforated in 0.1 F TBAP/3il(v/v) DCM-AN at the scan rate 3 50 aV/s.

b

All potentials were recorded against Ag/Ag+(0.0l F, in the same solvent system) electrode
(0.419 V. vs. SCE) but were reported against an aquous SCE.

Current

o

rt

1.2

0.1 mA

1.0

x
0 .8

X
0.6

0.4

0 .2

E, V. vs. SCE

Fig. 4-48

CV of a diluted solution of vinyTbenzyl ferrocenecarboxylate (1.08xl0~^M)
at 50 mV/s in 0.1F TBAP/3«i(v/v) DCM-AN.
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Table 4-40

Solution Electrochemistry of m & ig-Ethylbenzyl ferrocenecarboxylate(The Model Compound)
in O.lF TBAP/311(v/v)DCM-AN.

1pa
mA

i

pc

1p < /i pa

mA

V

iF

log V

mV/s

E

pa

E

pc

AE

E°'= (E
P

V

V

mV

+ E )/2
' pa
pc/7

V

i.20x10“

1.18x10“

0.9B

10

3.16

1.00

0.739

0.641

98

0.690

1 .50x10“

1.54x10"

1 .0 3

20

4.47

1.30

0.742

0.641

101

0.692

2 .25x10“

2.38x10“

1.06

50

7.07

1.70

0.745

0.641

104

0.693

3.00x10“

3 .15x10“

1.05

100

10.0

2.00

0.746

0.635

111

0.691

4.01x10“

4.41x10"

1.10

200

14.14

2 .3 0

0.769

0 .6 3 2

137

0 .701

The concentration of the model compound was 1.01x10
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237

5

3

2

1

0

Fig. 4-49

Variation of i
of a diluted solution of the monomeric
pa
model ,15 (1.01x10" 3M) with &
DCM-AN.

in 0.1 F TBAP/3*l(v/v)

then was allowed to react with potassium thiocyanate in d ilu te acidic
solution (1 -1 .5FJ to form a deep red complex of Fe(SCN)63+.

However,

i t was also believed th at complexes with a small number of SCN" ions
such as [Fe(SCN)(H2 0 )5] 2+, [Fe(SCN)2 (H2 0 )4] \

[Fe(SCN)3 (H2 0 )3] ,

[Fe(SCN)4 (H2 0 )2] “ and [Fe(SCN)g(H2 0 ) ] 2“ were also present.

The

composition of the products in aqueous solutions depended mainly on
the re la tiv e amount of iron and thiocyanate [2 3 8 ],

The extinction

(E) of the red-colored complex was then measured at 480 nm in 1 cm
c e ll and the amount of Iron (or ferrocene) was obtained by comparing
the optical density of the solution with a ca lib ratio n curve (F1g.
4 -5 0 ).

The to ta l ferrocene coverages obtained from th is measurement

was reported together with the CV parameters fo r each class of
polymer.
The current integral and hence the apparent electroactive
ferrocene of the coating was measured by the "copy, cut and weigh"
method.

The electroactive percentage of ferrocene was then

calculated according to the following formula: % electroactive

■ to ta iefe,rocene°co»erageerr° Cene * «■>•

0 .2

optical

density

0.3

0.1

5xl0"5
concentration(aol da""*)
Fig. 4-50.

Plot of optical density against concentration of ferrocene
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CHAPTER 5
EXPERIMENTAL METHODS
5.1

Preparation of a Monomer
A.

Attempted Preparation of 2-Ethoxyethyl Methacrylate.

A 500-ml three-necked flask was equipped with a mechanical
s t ir r e r , N2 in le t , a pressure eq u illzin g addition funnel, and
condenser capped with a drying tube and charged with 18.02 g ( 0 . 2
mmol) of d is tille d 2-ethoxyethanol and 19.78 g (20.22 ml, 0.25 mol)
of pyrid in e.

The mixture was cooled in an ice water bath fo r about

20 min before 26.72 g (24.97 ml, 0.23 mol) of 90% methacryloyl
chloride was added dropwise with s t ir r in g .

The reaction mixture

which contained an orange-red solid was allowed to s t i r at room
temperature for 1 h, followed by heating in a hot water bath (ca. 5060°C) fo r 30 min.

The mixture was allowed to cool to room

temperature before adding a few pieces of ice and

200

ml of

dichloromethane, followed by s tirr in g u n til the orange-red solid
dissolved completely.

The solution was cooled in an 1ce water bath

before extraction three times with 5% NaHCOg solution.

The organic

layer was extracted twice with 1 N_H2 S0^ solution to remove an excess
of pyridine, followed by washing with cold saturated NaCI solution.
The dichloromethane layer was dried with anhydrous MgSO^, then rotary
evaporated to give 0.77 g of a brown crude product.
B.

Preparation of 2-Ethoxyethyl Methacrylate.

A procedure by S. Kunihiko e t a l . [1 ] was used with some
m odification.

A 1-11te r round-bottomed flask was charged with 84.4

ml (86.09 g, 1.0 ml) of freshly p u rifie d methacrylic acid,- 106.6 ml
(99.13 g, 1.1 mol) of p u rifie d 2-ethoxyethanol, 2.0g concd. su lfu ric
240

acid, 0.1 g (4.5x10"^ mol) of

2

, 6 - d i - t e r t - b u ty l-p -c re s o l,

0 .1

g

(5.0x10"^ mol) of phenothiazine and 250 ml of p u rified benzene.

The

flask was then equipped with a Dean-Stark trap coupled to a water
cooled condenser.

The contents were heated to reflu x with an o il

bath at 95 -105°C fo r 12 h.

The by-product, water, was removed

during the refluxing period in y ie ld of about 18 ml.

A fte r the

reaction mixture was allowed to warm to room temperature, the benzene
solvent was removed by flask evaporation.

The residue was washed

with a 5% sodium bicarbonate solution u n til the wash was basic to
litmus paper, then with w ater.

The organic extract was dried over

anhydrous magnesium su lfate and d is tille d under reduced pressure to
give 127.24 g (80% y ie ld ) of a colorless product, bp 59.5*61.5°C/4 mm
Hg (uncorrected).

*H NMR (CDCI3 ): 61.17 ( t , J=7.0 Hz, 3H,
ru O

OCHgCHg); 1.91 (dd, J = l . l , 1 .5 , 3H, = C - C ), 3.51 (q, 7.0 Hz, 2H,
OCH2 CH3 ) , 3.63 (m, -CO-CHgC^OCgHg); 4.25 (m, 2H, -C-OCHgCHgOCgHg);
II
0

0

); IR (n e a t):3010

5.54 (m, 1 H

(m,vCH,alkene,aromatic), 1710 (s , vC=0), 1635 (m, \C=C), 1160 and
1120 cm"
8 .9 2 .

5.2

1

(s , b, C-0-C). Anal. Calcd for CgH1 4 03: C, 60.74; H,

Found: C, 60.58; H, 9.08.

Preparation of Polymers
A.

Preparation of Poly(vinyl benzyl c h lo rid e ), 2

A 40 ml vacuum hydrolysis glass tube was charged with 15.0 ml
(16.24 g, 106.4 mmol) of p u rifie d vinylbenzyl chloride, 0.16 g (0.97

mmol) of 2,2'-azo b is (2 -m e th y lp ro p io n ltrile ).

The tube was equipped

with an evacuation connector th at was then connected to a three-way
stopcock; the other two in le ts of the stopcock were connected to a
vacuum pump and a source of dry nitrogen.

A fte r the nitrogen gas was

purged fo r about 15 min, the contents of the tube was frozen by
immersing the tube in a liq u id nitrogen bath.

The tube was removed

from the liq u id nitrogen bath, then evacuated, the monomer was
thawed, nitrogen was introduced, refrozen and reevacuated.

The

freeze-thaw degassing cycles were repeated for three times before the
tube was sealed under vacuum.

The monomer was polymerized by heating

the sealed tube in a preheated o il bath at 60°C fo r 2 1/4 h.

The

tube was removed from an o il bath and placed quickly in an ice water
bath in order to stop the polymerization.

The polymer was dissolved

in chloroform and then added dropwise to a large excess of vigorously
s tirre d methanol to p re c ip ita te the polymer.

The poly(vinyl benzyl

chloride) was collected by f ilt e r in g on a sintered glass funnel
(course porosity) and dried in a heated vacuum oven at 50°C fo r
overnight.

The polymer was fu rth er pu rified by redissolving i t in

chloroform, f il t e r in g , and re p re d p lta tin g
methanol.

1

n a large excess of

A fte r drying fo r 24 h 1n a vacuum oven at 50°C, the

popcorn-like polymer weighed 10.90 g (67% y ie ld ) , [n ] B
0.438 dL/g 1n benzene at 30°C.

NMR (CDClj):

6

1.14-2.14 (bm,

3H, (fr-CH^Cl^) 4.23-4.64 (bm, 2H, $CH2 C1 of met a- and parachloromethyl subsubstuent), 6.20-6.81 and 6.84-7.23 (two bm, 4H, Ar
il).

IR (film ): 3010 (m, aromatic vCH), 2920 (s , a lip h a tic vCH),

1590, 1580, 1430 (phenyl, vO C ), 1255 (s , vCH2 -C 1), 895, 820, 790,
700 (meta and para substituted phenyl).

Anal Calcd. fo r (CgHgCl)n:

243
C, 70.83; H, 5.94; C l, 23.23.
B.

Found: C, 70.91; H, 5.91, C l, 22.92.

General Procedure for the Synthesis of Poly( vinyl benzyl
chloride) Copolymers.

A 40 ml vacuum hydrolysis tube was charged with 10-90 mmol of
p u rified vinyl benzyl chloride, 90-10 mmol of p u rified comonomer, and
about 1% by weight of 2,2'-azo b is (2 -m e th y lp ro p io n itrile ).

A fte r

four freeze-thaw degassing cycles were completed, the polymerization
tube was sealed under vacuum.
heating the sealed tube in

The monomers were copolymerized by

a preheated o il bath at 60°C u n til bubbles

of nitrogen generated from a decomposition of the In it ia t o r were
observed to rise very slowly.

The tube was removed from the o il bath

and placed quickly in an ice water bath in order to stop the
polymerization.

The polymer was then dissolved in chloroform and

precipitated from a large excess of vigorously s tirre d methanol.

The

copolymer product was f ilt e r e d , washed with methanol and then dried
in a vacuum oven at 50°C fo r 24 h to afford a crude dried product.
The crude polymer was fu rth er p u rified by redissolving i t in
chloroform, f il t e r in g , and rep recip itatin g from a large excess of
methanol.

A fte r drying in

a vacuo oven at 50°C fo r 24 h, the

copolymer was weighed and characterized by elemental analysis.
IR and viscosity measurments.

NMR,

The polymer composition, percent

conversion and results of the characterizations using methyl
methacrylate as the comonomer are summarized in Tables 4-1 and 4-2.
A sim ila r series of copolymers prepared with 2-ethoxyethyl
methacrylate are summarized in Tables 4-3 and 4-4.
5 .3 .

Preparation of Chloromethyl Methyl Ether-Methyl Acetate Mixture
The procedure of Amato e t a l . [ 1 ] , was used without

m odification.

In a 300 ml three necked-round bottom flask equipped

with thermometer, magnetic s t ir r e r , and a rubber septum was charged
with 45.0 ml (0.51 mol) of molecular sieve-dried dimethoxymethane and
1.2 ml (0.029 mol) of anhydrous methanol.
0°C in ice water bath.

The solution was cooled to

Then 35.3 ml (0.49 mol) of acetyl chloride

was added via a syringe in three portions.
temperature rose from 15°C to 26°C.
to s t ir at room temperature fo r 36 h.

During the addition the

The reaction mixture was allowed
NMR (60 MHz, reaction

m ixture): 63.47 (s , ClCHgOC^); 5.47 (s , CICHgOCHg); 4.49
(CHgOCjigOCHj), from unreacted CH3 OCH2 OCH3 ) .

The re la tiv e intensity

of the peaks are consistent with a 5.6 M^solution of chloromethyl
methyl ether in methyl acetate.
5.4

Chloromethylation of Polysulfone
To a 500 ml three-necked resin k e ttle equipped with a water

condenser, a mechanical s t ir r e r , and a pressure equalizing dropping
funnel, was charged 38 ml (212 mmol) of chloromethyl methyl ether
so lution, 38 ml of 1,1,2,2-tetrach lo ro eth an e, and 0.13 ml (1.13 mmol)
of stannic chloride.
an o il bath.

The mixture was s tirre d and heated to 100°C in

While the solution was maintained at 100°C, a solution

of 5.0 g (11.25 meq) of polysulfone in 63 ml of 1 ,1 ,2 ,2 -te tr a 
chloroethane was added slowly over a period of 15 minutes.

The

reaction mixture was s tirre d and maintained at 100° for 1/2-3 h
before the catalyst was deactivated by in jectin g
into the resin k e ttle .

2

ml of methanol

Chioromethy1ated polysulfone was recovered by

pouring the reaction mixture In to a large excess of methanol.

The

polymer was f ilt e r e d , washed and dried in a vacuum desiccator fo r 24
h.

The crude product was fu rth er p u rifie d by redissolving i t in

dioxane; the solution was filte r e d and the f i l t r a t e was added
dropwise Into a large excess of methanol with vigorous s tir r in g .

The

resin was then filte r e d and washed successively with 40% aqueous
dioxane, 40% aqueous dioxane containing 10% concentrated hydrochloric
acid, water and methanol.

A fte r drying 1n a vacuo oven at 50°C for

48 h, the chloromethylated polysulfone was weighed and characterized
by elemental analysis, NMR, IR.

The results of these

characterizations, yield s and degree of substitutions are reported in
Tables 4-5 and 4-6.
5 .5 .

Preparation of Cesium Ferrocenecarboxylate
To a 250 ml Erlenmeyer flask was placed ferrocenecarboxylic acid

(Aldrich Chemical Company, In c ., 97%, mp 210°C (d e c .)) and a reagent
grade tetrahydrofuran (THF).

The mixture was s tirre d under nitrogen

atmosphere u n til a ll the ferrocenecarboxylic acid was dissolved.

The

solution was filte r e d and a 50 wt.% aqueous cesium hydroxide solution
(Aldrich Chemical Company, In c ., 99.9%) was added dropwise with
vigorous s tirr in g u n til a yellow-brown p re c ip ita te of cesium
ferrocenecarboxylate was formed.
fo r 20-30 m1n more.

The mixture was allowed to s tirre d

I f necessary, a solution of cesium hydroxide may

be added to p re c ip ita te more s a lt but care must be taken to assure
that no excess of cesium hydroxide has been added.

The s a lt was

collected by f i l t r a t i o n , then washed three times with THF and dried
in a vacuum oven at room temperature fo r 3 days.
5 .6 .

E s te rific a tio n of Polymers
A. Attempted E s te rific a tio n of Poly(vinylbenzyl c h lo rid e ), 2
The method of Shaw and his coworkers [1 ] was followed with some

m odification.

A 100 ml round bottomed flask was charged with 0.57 g

(3.73

meq of active Cl) of poly(vinylbenzyl chloride) dissolving in

20 ml of toluene, 1.69 g (4.66 mmol) of cesium ferrocenecarboxylate,
and 10 ml of hexamethylphosphoramide.

The flask was equipped with a

water cooled condenser and heated with s tirrin g under nitrogen
atmosphere in an o il bath at room temperature fo r 80 h.

The product

was found to be a cross-linked polymer which did not dissolve in
chloroform.
B.

E s te rific a tio n of Poly(vinylbenzyl c h lo rid e ), 2.

A 50 ml round bottom flask was charged with 0.38 g (2 .5 meq Cl)
of poly(vinylbenzyl chloride) dissolved in

10

ml of toluene, 1.81 g

(5 mmol) of cesium ferrocenecarboxylate, 0.82 g (2.5 mmol) of te tr a jj-butylammonium chloride (Aldrich Chemical Company, In c ., 85% pure),
and 3 ml of d is tille d water.

The flask was equipped with a water

cooled condenser and heated with s tirrin g under argon atmosphere in
an o il bath at 90°C fo r 36 h.

The color of the reaction mixture

changed from orange to dark red.

The contents of the flask were

poured into a large excess of vigorously s tirre d methanol.

The

product was collected by f i l t r a t i o n , washed with two 50 ml portions
of methanol, and d rie d ,in a vacuum oven at room temperature fo r 24
h.

The crude product was fu rth er p u rifie d by redissolving i t in

tetrahydrofuran, f ilt e r in g and rep rec ip itatin g from a large excess of
methanol.

A fte r drying in a vacuum oven at room temperature fo r 4

days, the p u rified ester product which had brown color weighed 0.80 g
(97% y ie ld ) .
C.

General Procedure fo r the E s te rific a tio n of

Poly(vinylbenzyl chloride) Copolymers.
A 250 ml round-bottomed flask was charged with 1.50 g of

poly( vinyl benzyl chloride) copolymer dissolved in

20

ml of toluene,

cesium ferrocenecarboxylate, tetra-jv-butylammonium chloride,
d is tille d water (20-60 drops) and 30 ml of toluene.
Cl: FeCOOCs: TBAC is reported in Table 4 -7 .

The ra tio of meq

The flask was equipped

with a water cooled condenser and heated with s tirr in g under nitroyen
atmosphere in an o il bath at 80°C fo r 45 h while reaction mixture
changed its color from orange to dark red.

The contents of the flask

were poured into a large excess of vigorously s tirre d methanol.

The

product was collected by f i l t r a t i o n , washed with two 50 ml portions
of methanol, and dried in a vacuum oven at room temperature fo r 24
h.

The crude product was fu rth er p u rified by redissolving 1t in

chloroform, f ilt e r in g and rep recip itatln g from a large excess of
methanol.

A fte r drying in a vacuum oven at room temperature fo r 48

h, the purified ester product, which had a gray to orange color
depending upon the ferrocene content, was weighed and characterized
by elemental analysis, NMR and IR .

The results of these

characterizations, yield s and percent conversions fo r
poly(v 1 nylbenzyl chior 1 de-co-methyl methacrylate) are summarized In
Tables 4-7 and 4-8.
The corresponding series of modified poly(v1nyl benzyl chlorldeco-2-ethoxyethyl methacrylate) are compiled in Tables 4-9 and 4-10.
D.

General Procedure fo r the E s te rific a tio n of

Chloromethylated Polysulfones.
A 100 ml round-bottomed flask was charged with chloromethylated
polysulfone, cesium ferrocenecarboxylate, tetra-j^-butylammonium
chloride, d is tille d water and chloroform.

The amount and ratios of

these reagents were shown in Table 4-11.

The flask was equipped with

a condenser and heated with s tirrin g under nitrogen in an o il bath at
60°C fo r 60 h.

A fte r the reaction mixture was allowed to cool to

room temperature, i t was poured into a large excess of vigorously
s tirre d methanol.

The product was collected by f i l t r a t i o n , washed

with two 50 ml portions of methanol, and dried in a vacuum desiccator
at room temperature fo r 24 h.

The crude product was further purified

by redissolving i t in chloroform, f i l t e r i n g , and rep recip itatin g from
a large excess of methanol.

A fter drying in a vacuum desiccator at

room temperature fo r 48 h, the yellow p u rified ester was weighed and
characterized by elemental analysis, NMR and IR.

The results of

these characterizations, yields and percent conversions are reported
in Tables 4-11 and 4-12.
E.

P a rtia l E s te rific a tio n of Chloromethylated Polyfulfone.

The procedure employed in p a rtia l e s te rific a tio n of
chloromethylated polysulfone

1

s sim ilar to the general procedure fo r

e s te rific a tio n of chloromethylated polysulfone except that amounts of
cesium ferrocenecarboxylated used were in 90%, 85%, and 75% of the
number of m ilU equ ivalen t of CH2 C1 used.
the reagents used are shown in Table 4-13.

The amounts and ratios of
The reaction conditions

and the procedure used to purify the product are the same as
previously described.

The results of characterizations,

yields and

percent conversions are compiled 1n Tables 4-13 and 4-14.

5 .7 .

General Procedure fo r Quaternization of the P a r tia lly
E s te rifie d Choromethylated Polysulfones
A 100 ml round-bottomed flask was charged with p a rtia lly

e s te rifie d chloromethylated polysulfone, pu rified tr ie th y l amine, and

chloroform.

The amount and ratios of these reagents are shown in

Table 4-15.

The flask was equipped with a condenser and s tirre d

under nitrogen at R.T. fo r about 1 1/2-2 h, followed by heating in an
o il bath at 50°C for 1 1/2 h, then 1 ml of methanol was added and
heated, s tirrin g was continued fo r another 1 1/2 h.
repeated u n til 2-7 ml of methanol had been added.
then heated and s tirre d for 60 h more.

The process was
The contents were

The reaction mixture was

poured into a large excess of vigorously s tirre d ether and the
product was collected by f i l t r a t i o n , washed with two 50 ml portions
of ether and dried in a vacuum desiccator at room temperature fo r 24
h.

The crude product was fu rth er p u rifie d by dissolving i t in

chloroform or chloroform with a small amount of methanol and
rep rec ip itatin g from a large excess of eth er.

A fte r drying 1n a

vacuum desiccator at room temperature fo r 48 h, the p u rified yellow
product was weighted and characterized by elemental analysis, NMR and
IR .

The results of these characterizations, yields and percent

conversions are reported in Tables 4-15 and 4-16.
5 .8 .

Synthesis of Monomeric Model Compounds
A.

Reduction of Vinylbenzyl Chloride.

A 250 ml round-bottomed flask containing 10.0 g (65.5 mmol) of
p u rifie d vinylbenzyl chloride, 0.1 g of 5% Pd/C and 50 ml of ethyl
acetate was equipped with a connecting tube attached with a hydrogen
balloon.

The contents were s tirre d at room temperature for

h.

The

NMR of the reaction mixture showed no vinyl1c proton absorption.

The

8

reaction mixture was filte r e d and the solvent was removed by flash
evaporation to give a lig h t brown liq u id residue weighing 10.06 g
(99.3%, crude y ie ld ) .

The crude product was d is tille d under reduced

pressure to afford 5.56 g (55% y ie ld ) of a colorless liq u id (bp 105108°C/23 im Hg).

The NMR of the product indicated tftat i t contained

~96% of ethyl benzyl ch loride.

( JH NMR (CDC13):

-4% of ethyl toluene (*H NMR (CDCI3 ):
B.

6

6

4 .5 1 , Ar-CHg-Cl) and

2.29, ArCHg).

E s te rific a tio n of Ethylbenzyl Chloride.

A 100 ml round-bottomed flask containing 2.00 g (12.93 mmol) of
ethylbenzyl chloride, 5.85 g (16.17 mmol) of cesium
ferrocenecarboxylate, 3.59 g (12.93 mmol) of tetra-jvbutylammonium
ch lo rid e, 40 drops of water and 30.0 ml of chloroform was equipped
with a condenser.

The contents were heated with s tirr in g under an

argon atmosphere 1n an o il bath at 60°C fo r 18 h.

During th is time

the course of the reaction was monitored by TLC (1:1 v/v mixture of
hexane-dichloromethane), which showed the disappearance of the
sta rtin g m a te ria l.

The solvent was removed by flash evaporation.

The orange-brown liq u id residue weighing 11.05 g was placed onto a
s ilic a gel column (5x65 cm) and the product was eluted with a 1:1
mixture of hexane-dichloromethane as an orange-yellow band.

The

solvent was f i r s t removed by flash evaporation and the trace amount
of the solvent which s t i l l remained and prevented the product from
s o lid ify in g was removed in a vacuum desiccator fo r

6

h.

The

resulting brown liq u id was stored in a re frig e ra to r overnight to
afford 3.79 g (crude y ie ld = 84%) of c ry s ta ls .

The crude product was

fu rth er p u rified by re c ry s ta lI 1 z a t 1 on from methanol to afford 2.28 g
( f i r s t crop, 51% y ie ld ) of orange product, m.p. 38.5-40.5°C .
(CDCI3 ):

6

*H NMR

1.26 ( t , J®7.5 Hz, 3H, ArCHgCHg), 2.68 (q . J*7.4 Hz 2H,

A r-C J ig ^ ), 4.11, 4.39, 4.84 (9H, aromatic protons of ferrocene

m oiety), 5.25 (s , 2H, Ar-CHgOC-Fc) , 7 .4 5 (m, 4H, Ar-HJ.

IR (CHC13) :

3000 (w, vC-H, arom atic), 2960 (m, vC-H, a lip h a tic ), 1685 (s , vC=0,

conjugated), 1455, 1365 (vC=C, arom atic), 1265, 1190, 1120 (s , m, s,
vC-O -C): Anal. Calcd fo r C20^20^2^e *

6 8 .9 8 ; H, 5 .7 9 ; Fe, 1 6 .0 4 .

Found: C, 6 9 .0 0 ; H, 5 .8 5 ; Fe, 1 5 .8 5 .
C.

Preparation of Vinylbenzyl Ferrocenecarboxylate.

A 100 ml round-bottomed flask containing 1.00 g (6.55 mmol) of
pu rified vinylbenzyl chloride, 3.56 g (9.83 mmol) of cesium
ferrocenecarboxylate, 2.14 g (6.55 mmol) of tetra-n_-butyl ammonium
chloride, 0.10 g (0.50 mmol) of phenothiazine, 15 drops of d is tille d
water, and
condenser.

2 0

ml of toluene was equipped with a water cooled

The contents were s tirre d and heated under an argon

atmosphere in an o il bath at 80°C fo r 9 h.
changed from orange-yellow to dark brown.

The color of the solution
During th is time the

course of the reaction was monitored by TLC (dichloromethane/hexane,
1 :1

v/v ) which showed the disappearance of the startin g m ate ria l.

The solvent was removed by flash evaporation.

The orange-brown solid

residue was redissolved in a minimum amount of dichloromethane-hexane
mixture (1 :1 ; v/v ) and then placed onto a s ilic a gel column (5x65
cm).

The product was eluted with a 1:1 (v /v ) mixture of

dichloromethane-hexane as an orange-yellow band.

Removal of the

solvents under reduced pressure and storing the residue in a
re frig e ra to r overnight afforded a yellow-brown crude product.

The

product was recrystal 11zed from methanol; 5.62 g (82% y ie ld ) of
orange c ry s ta ls , mp. 62.5-63.5°C was recovered.

*H NMR (CDC13):

4.13 (d , 0 *1 .8 , 5H, aromatic protons of unsubstituted

6

252

cyclopentedienyl) , 4.41 ( t , J=1.8, 2H

O O C ^ v !!

H------------------------------------------------------------- '------

J=1.9, 2H,

(q

8

A r-H ).

V
, ^
&

\\ u

(*»

4 , 8 7

H

) , 5.2 7, 5.29 (two s in g le ts , 2H,

Y 000

CHg-O-C-Fe); 5.30 (dd, J= 5.5, 1 2 .8 ,

17 .8, 1H,

)»

1

H,

m. 1H,
1H.
)1.. 6.76 I(m,

Hw
j£

S
\

)» 5.81 (dd, J=5.9,

- w
H
A^ \ H

>7 * 4 5

(m* 4H’

IR (CHCI3 ) : 3010 (m, aromatic vC-H), 1685 (s , vC=0,

conjugated), 1450 (s , vC=C arom atic), 1270, 1195, 1125 (vC-O-C).
Anal, calcd fo r C2 l)H^0 O2 Fe: C, 69.39; H, 5.24; Fe, 16.13.

Found: C,

69.00; H, 5.39; Fe, 15.70.
5.9

General Procedure fo r Coating the Electrode
The polymer-bound ferrocene carboxyl ate ester (3-5 mg) was

dissolved in 100 yl of p u rifie d tetrahydrofuran (THF).

The electrode

was coated by adding 3-4 drops (45-60 pi) of the THF solution onto a
0.528 cm2 surface area platinum electrode spinning at a rate between
about 600-1200 rpm.

The resu ltin g film was allowed to a i r dry while

spinning fo r several minutes.

Then a portion of the film from the

outer edge of the electrode was removed with a chloroform-soaked
cotton swab.

The electrode was put in an oven at 100°C fo r 15

minutes in order to assure th a t the film was dried completely.

A fter

the electrode was allowed to cool to room temperature i t was stored
in a vacuum dessicator u n til i t was used in a cyclic voltammetric
experiment.

253
5.10

General Procedure fo r CV Experiment of a Chemically Modified
Electrode
A 0.1 21 solution of tetra-jv-butylammonium perchlorate 1n

a c e to n itrlle or a

1 :1

mixture of a c e to n ltrile and _n-butanol was

deoxygenated fo r about 45 minutes before the Ar In le t was raised
above the solvent system and the working electrode was dipped Into
the solution.

Scans were then In itia te d 1n a positive direction and

reversed at a preset switching voltage.

The current-potential

responses were recorded; the results are summarized in Table 4-17,
4-19, 4-20, 4-21, 4-24, 4-25, 4-26, 4-29, 4-30, 4-31, 4-34, 4-35 and
4-36.
5.11

General Procedure fo r CV Experiment of a Monomer or Polymer
Solution
A 50 ml solution of a monomer or polymer containing about 10“^M

equivalent of ferrocene units was prepared in a suitable solvent or
solvent mixture containing 0.1 £ Bu^NClO^.
placed

1

n an e le c tr o ly tic ce ll

1

A fte r the solution was

n a p la s tic box, the system was

deoxygenated by purging with argon fo r 30 minutes.

During th is

period, the scan parameters were set but the working electrode should
be disconnected or switched o f f .

Following the purge, the Ar In le t

was raised above the so lution, the system was blanketed with Ar while
maintaining a quiet solution.

Scans were then in itia te d in the

positive direction (scan lim its were set

1

n the desired range) with

any desired scan rates and the 1-E cyclic voltammograms were
recorded.

The results are shown 1n Table 4-18, 4-22, 4-23, 4-27,

4-28, 4-32, 4-33, 4-37, 4-38, 4-39 and 4-40.

5-12

Preparing a C alibration Curve fo r Iron Analysis
Dried ferrocene, 6,1 mg was weighed into a 30 ml Kjeldahl fla s k ,

followed by 5 ml of concd.

HNO3 , and 2 drops of H2 O2 . The contents

of the flask was heated in

an o il bath at 80°C u n til a c le a r,

colorless solution was obtained (~ 1 h ).

The flask was removed from

the o il bath and cooled in an ice water bath for a few minutes; then
the reaction mixture was transferred into a 50 ml volumetric flask
and d is tille d water was added to bring the volume up to 50 ml.

To

prepare a c a lib ratio n curve, aliquots of the standard solution (6.42x
10"^M) were diluted to 50 ml a fte r addition of
2

drops of hydrogen peroxide and

so lu tio n .

10

ml of

10

10

ml d is tille d water,

% potassium thiocyanate

The optical densities of these solutions were measured in

a spectrophotometer at 480
concentrations.

my, using a 1-cm c e ll, and plotted against

The c a lib ra tio n curve

obtained using 0 .5 - to 4-ml

aliquots of the standard solution is plotted in Fig. 4-50.
5.13

Determination of Iron in a Chemically Modified Electrode
Coating
The procedure of Rosenberg and Riber was used with some

m odification.

The polymer film coating on the electrode surface was

removed by using a chloroform-soaked cotton swab and redissolved in
chloroform.

The chloroform solution was placed 1n a 30 ml Kjedahl

flask and heated in a o il bath under Ar atmosphere u n til a ll
chloroform was removed.

A fte r allowing the flask to cool to room

temperature, 0.3 ml of concd. HNO3 and 1-2 drops of 30%
were added.
fla s k .

^

2

A blank solution was prepared 1n another Kjedahl

Both flasks were heated 1n an o il bath at about 80°C

overnight (—10-14 h) u n til c le a r, colorless solutions were

solution

obtained.
necessary.

Additional

solution was added to the cooled flask i f

The contents from each flask were f ilt e r e d and

transferred q u a n tita tiv e ly in to a

1 0

ml volumetric fla s k .

Approximately 2 ml o f d is t ille d water was used to aid the
tran sfe rrin g and f il t e r in g processes.

To each volumetric flask was

added 1 drop o f 30% H2 O2 and 4 ml o f 10% KSCN so lu tio n .

The

solutions were then d ilu te d to 10 ml w ith d is tille d water.

The

optical density o f the sample solution was measured against the blank
solution in a spectrophotometer at 480 my, using a 1 cm c e ll.

The

iron content in coated film was obtained by comparing the measured
optical density with the ca lib ratio n curve (F ig . 4 -5 0 ).

CHAPTER 6

CONCLUDING REMARKS
A re fle c tio n on the relevance of th is research to the science of
chemically modified electrodes and on the direction of possible
endeavors germinated by th is research is perhaps a useful conclusion
fo r th is d is s e rta tio n .

The major contributions of th is dissertation

can be divided into two parts.

The f i r s t part Involves preparation,

physical and chemical characterization of fiv e d iffe re n t kinds of
ferrocene redox polymers.

The second part deals with the examination

of the parameters that a ffe c t electrochemical properties of these
electroactive redox polymers both in coated th in film s and in soluble
forms.

These parameters include the effects of solvents,

e le c tro ly te s , polymer structures, concentration of electroactive
redox species and po lyelectro lyte bound to the polymer matrices.
In the synthesis and characterization p a rt, there are three
contributions worthy of re ite ra tin g .

Extensive e ffo r t was required

to develop the proper reaction conditions and techniques for
modifying the polymer substrates while avoiding gel formation.
In the chloromethylatlon of polymers, gel formation can be a
major problem i f the proper reaction conditions are not employed.

.

For example, we have observed th at a gel is formed during the
preparation of chloromethylated polysulfones whenever the reaction
temperature exceeds ~ 120°C and/or the reaction time is longer than ~
3 1/2 h.

This is consistent with the observations reported

previously by Wu [2 23].

An Insoluble gel can also be formed during

the drying period i f the catalyst (SnCl^) residues are not reduced

below a certain lim it .

Therefore the choice of a proper technique

fo r p u rific a tio n of the chloromethylated product is c r i t i c a l .
Further* SnC14 residues can cause problems during subsequent
modification of the polymers.

A p u rific a tio n technique sim ilar to

th at of Greig and Sherrington [2 40], i . e . the resin was washed
successively with 40% aqueous dioxane, 40% aqueous dioxane containing
10% concentrated HC1, water and then methanol, has proven to be the
best procedure fo r reducing catalyst residues to a level that w ill
not cause further problems e ith e r during drying or during the next
modification steps.
In the e s te rific a tio n step, the phase tran sfer catalysis
technique was an essential procedure to minimize the use of highly
polar aprotic solvents and extreme reaction conditions, which
promotes intramolecular and/or intermolecular Friedel Crafts
reaction.

Further, we observed that performing the reactions under

liq u id -liq u id PTC conditions enhanced the yields of the ester product
re la tiv e to those obtained using corresponding s o lid -liq u id PTC
conditions.
Quaternization of the chloromethyl groups 1s another step th at
can produce a g e l-lik e polymer product
are not employed.
groups

1

1

f proper reaction conditions

I f the quaternization of the residual chloromethyl

n ferrocene redox polymers was carried out

1

n highly polar

media such as DMF or a mixture of methanol-THF (3 0 :7 0 ), a gel was
formed w ithin

8

h at 50°C.

This indicated th at an intramolecular

and/or intermolecular reaction occurred at e ith e r the
cyclopentadienyl ring and/or the aromatic rings.

However, th is

undesirable reaction can be eliminated by allowing the amine

(tr ie th y l amine or

1

, 1 -d im eth yl- 2 -ethanol amine) to react i n i t i a l l y

with the residual chloromethyl groups on a polymeric substrate in
chloroform.

The p o la rity of the solvent was increased gradually by

adding aliquots of methanol as the polymer quaternary derivative
began to p re c ip ita te from the reaction m ixture.

This technique not

only provided the driving force fo r the formation of the quat but
prevented the formation of a gel as w e ll.
In the Investigation of the parameters th at a ffe c t the
electrochemical properties of these electroactive redox polymers,
th is research suggests th at the duration of the "break-in period" of
the polymer film s depend upon th e ir structure (r e la tiv e r ig id ity of
the chain backbone), the solvents and the ele ctro lyte s used in
performing an experiment.

I f the chain backbone of the polymers is

re la tiv e ly mobile, e .g ., in the ferrocene redox copolymers lOa-c
and lla -d with moderate ratio s of BVFc, the duration of the "break-in
period" is very short or there is no "break-in period" at a l l .
However, when the molar ra tio of VBFc is higher or the polymer chain
backbones contain many phenyl groups (e .g . polysulfone system) the
duration of-th e "break-in period" w ill be Increased.

Whenever the

"break-in period" is long, the peak separation is usually large
also.

Other factors th at w ill a ffe c t the "break-in period" and the

peak separation of the polymer film s are the solvents, the nature of
the e le c tro ly te anion and the p o la rity of the polymer themselves.
There is no CV wave when the hydrophobic polymers are subjected
to currents in a water system.

A long "break-in period" 1s observed

when film s of re la tiv e ly rig id polymer chains are treated in a
solvent with poor swelling property.

The rate determining step in

the electrochemistry of these thin film s appears to be the rate of
diffusion of both the solvent (promoting the motions of polymer
chains required fo r s ite -s ite co llis io n s ) and the e le c tro ly te into
the polymer matrices.

The e ffe c t of a b u ilt- in polyelectrolyte

(quaternary ammonium s a lt) on the swelling properties of the polymers
is so large th at only a few percent of the quat in the polymers can
shorten the "break-in period" markedly.
Since rapid charging of the polymer film s is very important in
several applications, including e le c tro c a ta ly s is ,
photoelectrochemistry and Information display and storage, the
polymer films that swell very fa st lik e a th in film of eith e r
electroactive ferrocene polysulfone containing 33% percent of quat,
or poly(vinylbenzyl ferrocenecarboxylate-co- 2 -ethoxyethyl
methacrylate) have the essential properties fo r practical
applications.

The tendency of copolymers to lose e le c tro a c tiv ity

rapidly due to dissolution of th e ir oxidized forms can be combated by
forming polymer film s of the polymers of vinylbenzyl ferrocenecarboxylate, alkoxyalkylmethacrylate and
methoxysilane).

6

-(m eth ac ry lylp ro p y ltri-

A fte r coating the electrode surface with the te r

polymers, hydrolysis of the methoxysilanes w ill introduce siloxane
crosslinks and render the coatings in solu ble.

This approach is

analogous to that employed by Nakahama and Murray [27] to produce
rig id polymer coatings.
M ultip le wave phenomena were occassionally observed in
experiments performed at slow scan rate s.

This indicates the

presence of m ultiple forms of ferrocene or electrochemically non
equivalent redox sites which may In terco n vert.

However, each form or

domain of ferrocene has its own formal potential which is d iffe re n t
from others.

These m ultiple wave phenomena also can be analyzed in

terms of the "square scheme" as proposed previously by Peerce and
Bard [2 4 1 ],
Other deviations of CV properties from ideal behavior of a
monolayer film are also observed in the electrochemistry of these
th in film s .

There are a variety of factors that can cause the

deviations; they include interaction effects between ferrocene sites
(or between a redox s ite and the polymer la t t ic e ) , structural
reorganization of the morphology of the film and uncompensated film
and/or solution resistance.

In terp reta tio n of the voltammetric

results is p a rtic u la rly d i f f ic u lt fo r these systems because the
resistance to electrochemical reaction has contributions from both
ionic and electronic transport k in e tic s .

Both of the transport

processes are also very sensitive to the changes in the polymer
structure and film morphology [2 42].
The apparent percentage of electroactive ferrocene 1n the
polymers (e ffic ie n c y ) Increases when the concentration or the density
of the redox s ite increases (Table 4-21, 4-26 & 4 -31).

This seems to

support the electron-hopping or self-exchange reaction mechanism
proposed by Kaufman [ 5 ] ,

Other factors that also Influence the

e fficie n c y are the swelling properties of the polymers themselves and
of the solvent systems.

This is c le a rly indicated by a comparison of

the efficie n c y of redox polysulfone polymers containing quaternary
ammonium groups (Table 4-36) with correspondingly loaded ferrocene
polysulfones (Table 4 -3 1 ).

Table 4-31 also illu s tr a te s the e ffe c t of

the solvent system on the apparent percentage of electroactive

ferrocene.
The electrochemistry of d ilu te solutions (~ 10“^ F_in Fc) of
these electroactive polymers shows at least two d is tin c tiv e
featu res.

F ir s t , there is no sig n ific a n t difference between the

redox potential of the polymers in d ilu te solution vs. the redox
potential of a d ilu te solution of the monomeric model

10"^ FJ and

vs. th at of the polymer bound species 1n th in film forms.

However,

the redox potentials of these polymers are solvent dependent.

In a

highly polar aprotic solvent system, the redox potentials of the
polymers are lower than in the less polar aprotic solvent.

The

solvation and/or s ta b iliz a tio n of the polymer, especially in the
oxidized form, by a highly polar aprotic solvent system, enhances the
ease of oxidation of the redox polymers and reduces the formal
potentials of the redox polymers.
A unique feature of the CV of a polymer solution is the wave
shape.

For a polymer with a low loading of the redox ferrocene units

the CV of a d ilu te solution (~ 10”^ F_ in Fc) of the polymer 1n 0.1 F_
TBAP/3:1 (v /v ) DCM-AN exhibited ideal cyclic voltammetric behavior in
both reduced and oxidized forms.

When the loading density of the

redox ferrocene units was Increased, the CV of a d ilu te solution O
10"^ F_In Fc] of the polymer showed a sharp surface reduction peak in
the reverse scan.

This was caused by strong adsorption or

p recip itatio n of the oxidized form of the polymer on the electrode
surface.

A mixture of 3:1 (v /v ) DCM-AN is an excellent solvent fo r

the polymer

1

n the neutral state; however,

1

t is a poor solvent fo r

the oxidized form of the polymer containing a high loading density of
ferricenium s ta te .

In the la t t e r situ atio n the electrode w ill behave

as a chemically modified electrode.

R epetitive cyclic scans of the

potential between the two sweep lim its resulted in an increase in the
height of both peaks.

However, by choosing a more polar solvent

mixture, such as a mixture of 1:1 (v /v ) DCM-NMP that solvates the
ferricenium s ta te , we can elim inate the adsorption and ideal redox
behavior is observed.
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